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I-  IHlBOPaCIIOH 


Ihe  advent  of  the  Information  ige,  coupled  with  an 
upheaval  in  the  world  econcay  over  the  past  decade,  have 
placed  ar  ever-increasing  emphasis  on  the  corporate  teleccm- 
aunicaticns  systems  and  on  the  management  of  those  systems. 
All  teleccmmonications  systems  are  designed  tc  convey  infer- 
maticn  frem  one  point  to  another.  In  almost  every  case,  the 
informaticn  content  cf  the  signal  is  net  used  by  the  tele- 
conmurlcaticns  system  itself.  Rather,  the  system  is 
designed  tc  accept  input  data  and  structure  it  into  a  format 
that  can  be  quickly,  econom:  .l-y,  and  accurately  trans¬ 
mitted  tc  a  destinaticn.  I  information  transmitted  over 
teleccmmunications  systems  ra  is  from  voice,  telemetry,  and 
facsimile  data  to  complex  cerleaved  data  messages. 
Furtheincre,  telecommunications  systems  vary  considerably  in 
their  designs  and  cemponents  with  regard  to  technology, 
electicnics,  and  methcdologies .  Despite  the  fact  that  there 
is  such  a  wide  range  of  input  data  and  large  diversity  in 
the  design  cf  telecommunicaticn  systems,  they  have  signifi¬ 
cant  features  in  commen.  Fundamentally,  all  telecommunica¬ 
tions  systems  exist  to  transmit  information  from  one  point 
to  one  ci  several  points.  Moreover,  when  viewed  function¬ 
ally,  these  systems  have  commen  structures. 

Any  telecommunications  system  consists  of  three  tasic 
functional  components.  The  first  component,  the  trans- 
litt ex, accepts  an  input  signal,  modulates  a  carrier  signal, 
and  provides  the  power  required  to  transmit  over  the  cemmu- 
xicatiens  channel.  The  secend  component,  the  channel, 
provides  the  path  over  which  the  signal  travels.  The  last 
conpenent,  the  receiver,  extracts  the  signal  from  the 
channel,  demodulates  the  carrier,  and  delivers  the  restruc¬ 
tured  original  signal  as  its  output.  [Ref.  1]. 


Iihll€  advancements  continue  to  be  made  throughouT  the 
electronics  industry,  for  exatple  receiver  and  transmitter 
technclcgy,  there  is  less  that  can  be  done  to  increase  the 
speed  anc  frequency  response  cf  present  day  communicaticns 
channels.  The  result  is  a  greater  need  for  an  understanding 
of  ccmmunication  channels  by  telecommunication  systems 
managers.  The  purpose  of  this  thesis  is  to  present  the 
fundamental  communications  signal  transmission  principles  in 
a  manner  that  is  relevant  to  the  manager's  systems  approach 
to  decision  making. 

1.  lEPfiCiCB 

No  Study  of  an  intrinsically  technical  subject  is 
approachable  without  mathematics.  However,  this  thesis  is 
written  from  a  managerial  perspective  and,  while  essentially 
lathematical  in  nature,  is  limited  in  scope  to  emphasize 
areas  considered  fundamental  to  the  underlying  concepts  of 
signal  transmission  in  the  field  of  communicaticns.  The 
approach  therefore  tends  to  be  results  oriented  vice  a 
traditicnal  rigorous  presentation  of  theorems  and  proofs. 
Additionally,  presentation  of  each  subject  area  begins  with 
simple,  ideal  situations  and  progresses  logically  tc  the 
sore  ccmplicated ,  general  case. 

E.  ABEAS  OE  STODT 

A  large  majority  of  the  publications  pertaining  to 
communic  ticns  signal  transmission  grossly  characterize  the 
electicmagnetic  propagation  channels  as  either  guided  or 
unguided.  Generally,  in  an  unguided  channel  an  electrcmag- 
netic  field  is  generated  by  an  antenna  and  propagates  freely 
in  a  medium  with  rc  attempt  to  control  its  propagation 
pattern.  A  prime  example  of  the  unguided  channel  is  the 
space  channel  in  which  the  medium  involved  may  be  free 
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space,  the  atmosphere,  or  the  ccean.  In  the  guided  channel, 
the  ccamnnications  signal  is  also  transmitted  as  an  electro¬ 
magnetic  field;  however,  its  propagation  is  restricted  to 
the  cenfines  of  a  clcsed  path  or  ''pipe”  from  the  transmitter 
to  receiver  subsection  of  the  ccmmunication  system.  Guided 
channels  can  be  further  subdivided  into  three  categories 
which  include  1)  transmission  lines,  2)  waveguides,  and  3) 
fiber  optics.  A  less  traditional  and  more  subtle  methed  of 
differentiating  the  propagation  channels  is  by  the  number  of 
conductors  involved.  There  exist  numerous  cases  whereby 
signals  transmitted  via  antenna  systems  behave  as  guided 
waves  (fief.  2]  thus,  this  thesis  groups  transmission  chan¬ 
nels  according  to  the  latter  method  as  follows: 

1.  Antennas  :  zero  conductors  with  energy 

propagating  in  the  space  between  transmit- 
tinc  and  receiving  antennas. 

2.  Waveguides  :  one  conductor  with  energy 

propagating  within  the  boundaries  of  the 
guide. 

3.  Transmission  lines  :  two  or  more  conductors. 

The  study  of  the  transmission  channels  formally  begins 
with  Chapter  2  which  focuses  on  antennas.  Noiseless  systems 
are  first  discussed  with  emphasis  being  placed  on  the  devel¬ 
opment  of  the  power  budget  equation.  Line-cf-sight  communi¬ 
cation  distances  are  explored  and  applied  to  a  one-bop 
microwave  system.  Also  covered  in  this  section  are  satel¬ 
lite  ccmmunica ticn  principles  as  they  relate  no  the  power 
budget  equation.  The  concept  of  system  noise  is  then  intro¬ 
duced  and  an  analysis  of  a  multi-hop  microwave  relay  system 
is  presented. 

Chapter  3  deals  with  transmission  lines  and  is  presented 
from  a  circuit  theory  viewpoint.  Discussion  begins  with  the 
low  frequency  model  and  development  of  the  propagation 
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constant  in  terns  of  signal  attenuation  and  phase  shift  or 
tine  delay  is  undertaken.  The  skin  effect  nodel  is  also 
explcred.  The  chapter  concludes  with  an  introduction  tc  a 
transnission  line* s  digital  transnission  rate. 

T^e  vaveguide  is  presented  in  Chapter  4  which  begins 
with  an  introduction  to  the  principles  of  elect ronagnetic 
field  prcpagation.  The  plane  wave  is  considered  and  the 
guide's  sodes  of  operation  defined.  A  short  section  is 
devoted  tc  the  det erninat icn  of  guide  cutoff  freguency. 
Signal  attenuation  and  time  delay  are  developed  through 
analogies  tc  transnission  line  characteristics.  A  brief 
discussion  cf  fiber  optics,  which  is  considered  a  special 
class  of  waveguides  ends  the  chapter. 

The  concluding  chapter  of  this  thesis  investigates  the 
major  advantages  and  disadvantages  associated  with  the 
varicus  ccnnunication  transmission  channels.  Conclusions 
regarding  the  relative  importance  of  communication  channel 
conslderaticns  are  presented  in  the  context  of  a  total  tele- 
communlcaticns  management  schexe. 

C.  CBIIICAI  ASSOHPTICIS  AHD  FBIBCIPLES 

Nearly  all  cf  ccemunications  theory  is  rooted  in  the 
science  of  mathematics.  To  underscore  the  fundamental 
concepts  of  signal  transmission  much  of  the  rigorous  nathe- 
xatics  ercccntered  in  a  more  traditional  approach  to  the 
subject  has  been  ninlilzed.  Tc  this  end  several  key  assump¬ 
tions  and  transform  analysis  principles  are  applied 
throughout  the  remaining  chapters  of  this  thesis. 

1 ,  Fourier  Series 

Ccmmunication  transmission  systems,  and  ccmnunica- 
tion  systems  in  general,  deal  primarily  with  tine  functions. 
These  tine  functions  or  waveforms  can  be  represented  as  a 


saaaaticn  of  purely  sine  and  cosine  functions  according  to 
the  Fcnxiez  Series  expansion: 

f(t)  =  3^+  SCa^cos  ruigc.  +  b^sin  no^jt]  (eqn  1.1) 


where  utg  is  the  fundaxental  fregoenc;  of  the  signal.  Thus, 
the  fcurier  Series  expansion  is  the  sum  of  all  frequencies 
which  cciprise  a  given  signal.  These  signals  are  viewed  as 
a  covkinaticn  of  a  fundaaental  frequency  plus  all  haraonics 
cf  that  frequency.  The  a^  tern  represents  the  dc  level  of 
the  signal.  Since  all  frequencies  present  in  the  signal 
will  net  be  in  phase  at  all  points  in  time,  they  are  written 
as  having  two  coaponents,  sine  and  cosine.  Then,  for  any 
given  harmonic  n,  the  a„  and  terms  represent  the  nagni> 
tudes  cf  the  sine  and  cosine  portions  of  that  harmcnic. 
Onder  normal  circumstances,  discussions  of  communication 
systems  tend  to  not  deal  with  the  time  domain  behavior  of 
the  signal  tut  rather  with  the  frequency  domain  behavior  of 
the  signal.  Therefore  one  must  be  able  to  convert  or  trans¬ 
form  time  function  signals  to  frequency  domain  signals.  The 
tool  so  used  is  the  Fourier  Transform  and  is  defined  as 


=  J'  f(t)e^dt 


(eqn  1.2) 


It  can  then  be  seen  that  every  function  of  t  has  with  it  a 
corresponding  function  of  frequency,  to  .  Likewise  the 
Inverse  Fourier  Transform, 


f(t) 


(eqn  1.3) 


shows  that  for  every  function  of  oj  there  exists  a  corre¬ 
sponding  function  of  t.  [Bef.  3]. 
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Connunicatioii  systeos  are  intended  as  a  vehicle  for 
the  transeission  of  inforaaticn  whose  paraeetric  values  at 
the  systeos  level  are  relative  to  the  frequency  domain.  The 
Fourier  Transform  is  the  single  most  important  tool  which 
allcvs  mcvement  from  the  time  domain  to  the  frequency  domain 
and  is  used  extensively  to  describe  the  frequency  content  of 
a  given  signal.  is  a  result,  a  system  analysis  can  be 
conducted  which  describes  a  system's  effect  on  the  infcroa* 
tion  signal  in  terns  of  signal  frequencies. 

2 .  SlSlSlg 

In  general,  a  system  is  defined  as  a  set  cf  rules 
that  associates  every  input  tine  function  with  an  output 
tine  function  as  shown  in  Figure  1.1.  The  source  signal  is 
designated  f(t)  with  g(t)  representing  the  output  signal  or 
systei  respcnse  due  tc  the  input.  '  This  is  usually  written 
as  f  (t)  — >g(t)  . 


Figure  1.1  Block  Diagram  of  a  System. 

This  thesis  is  based  on  first  order  analysis  and 
therefore  all  systems  discussed  are  assumed  ro  be  approxi¬ 
mately  linear  in  nature.  Tc  this  end,  the  definitions  which 
follcw  apply. 

A  system  obeys  superposition  if  the  output  or 
respcnse  of  the  system  due  to  a  summation  cf  inputs  is  equal 
to  the  sun  of  the  responses  doe  to  the  individual  inputs. 
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That  is,  given  that  f^(t)  results  in  a  response  of  g^(t}  ,  and 
that  f^t)  causes  an  output  of  g^t)  ,  then  the  output  due  to 
fj(t)  ♦f^t)  is  gj(t)+g^t).  In  aatheaatical  notation,  supsrpo- 
siticn  is  defined  as  [lef.  4] 

£j<t)*f^t)-^^(t)  ♦g^t)  . 

Siailarl;#  a  systea  is  considered  linear  if  it  obeys  super¬ 
position.  Coabining  the  concepts  of  superposition  and 
linearity,  it  can  he  shown  that  for  all  values  of  the 
constants  a  and  b  ( Bef .  5] 

af^(t)+bf^t)->ag^(t)+bg^t) . 

Ill  systeas  discussed  are  considered  tine  invariant. 
That  is  to  say  that  the  systea  response  due  to  an  input  is 
independent  of  the  actual  tiae  the  input  occurs.  In  ether 
words,  a  tiae  shift  in  the  input  signal  results  in  an  equal 
tiae  shift  in  the  response.  Thus  it  can  be  shown  that  if 
f(t)— ^g(t),  then  f  (t-tq  )  ■  ^  g(t-to).  Systeas  coaposed 
of  purely  resistive,  capacitive,  and  inductive  eleaents  are 
tiae  invariant  provided  their  coaponent  aleaent  values  do 
sot  vary  with  tice. 

3  •  Sisisa  Fapgtici^ 

In  iaportant  and  helpful  concept  in  systeas  analysis 
is  the  iipulse  or  Dirac  delta  (S)  function.  Siaply  stated 
the  iapulse  function  is  defined  as 

00  for  t  =  0 

0  for  all  other  t 


such  that  the  total  area  order  the  impulse  functicr  is 
unity.  Eatheaatlcally  then 


J  8(t)  dt  =  1 

—  » 

which  also,  as  it  turns  out,  is  the  Fourier  Transform  of  the 
impulse  function.  It  can  be  seen  that  any  signal  in  the 
time  domain  can  hs  divided  into  equal  time  segments. 
Furthezmcre,  these  time  segments  can  be  viewed  as  becoming 
inficitely  small  such  that  the  segment  approaches  a  point  in 
time.  Therefore,  any  tine  signal  can  be  considered  to  be  a 
series  of  iipolses.  The  purpose  of  systems  analysis  is  to 
determine  tfce  response  the  system  has  to  the  input  signal. 
If  the  input  signal  is  viewed  as  a  series  of  impulses  and 
the  system  is  considered  linear,  then  the  response  doe  to  an 
impulse  is  all  that  is  needed  to  describe  the  system. 
However,  as  previously  stated,  the  over-riding  factor  in  an 
analysis  of  a  communication  system  is  the  system's  effect  on 
input  frequencies.  This  is  accomplished  by  studying  the 
system's  response  to  an  impulse,  [fief.  6]. 

If  the  iipulse  response  of  a  system  is  called  h(t), 
then  the  Fccrier  Transform  H(a>)  indicates  the  system  effect 
on  the  impulse  and  is  called  the  system  function  or  the 
transfer  function.  simply  stated  the  transfer  function, 
of  a  system  describes  the  effect  the  system  has  on  an 
input,  I  (<u)  ,  to  prodcce  an  output,  G((i;),  and  is  the  ratio  of 
the  output  to  input  in  terms  of  frequency.  Hathematically, 

G  M  (to)  F  ((0)  . 
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4.  Cecib^l  and  ^^garithnic  Hot  at  ion 


As  will  be  shewn  thicaghoat  the  thesis,  one  of  the 
nore  iapertant  aspects  of  the  ccssunications  channel  anal> 
ysis  is  the  subject  of  signal  power  and  how  the  systea 
affects  it.  Generally,  the  systea  either  amplifies  or 
attentates  the  signal  power  so  that  a  system's  cr  compo¬ 
nent's  gain  (loss)  can  be  written  as  the  ratio  of  output 
power  to  input  power.  Letting  G  denote  the  gain  and  and 
P^^  represent  output  and  input  power  respectively,  then 


G 


Ihus  if  the  power  geing  into  an  amplifier  is  1watt  and  the 
cutput  is  100 watts  the  power  gain  is  100.  normally, 
however,  ccamunicaticns  system  characteristics  are  expressed 
in  terms  of  decibels  (dB)  vice  the  raw  gain  or  attenuation 
figure.  The  dB  notation  is  used  extensively  throughout  the 
thesis  azd  so  requires  some  explanation. 

The  decibel  is  defined  as  one-tenth  of  the  funda¬ 
mental  division  of  a  logarithmic  scale  fer  expressing  the 
ratio  cf  twe  amounts  cf  power  (Bef.  7].  But,  in  general, 
any  unitless  quantity  in  the  context  of  system  analysis  can 
be  expressed  in  decibels  according  to  che  following  equation 
where  N  denctes  the  number  of  dB's  and  x  the  unitless  quan¬ 
tity. 


M  “  lOlog  X. 

normally  then,  systea  analysis  compares  some  initial  power 
level  tc  the  final  system/coaponsnt  output  level.  This 
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initial  leference  pcint  can  ba  given  in  tens  of  either 
watts  or  a  dB  reference  level  with  Iwatt  equal  to  OdBW  or 
lailliwatt  equating  tc  OdBm  « 

Additionally,  because  dB  notation  is  used  so  often, 
the  laws  cl  logarithas  are  an  integral  part  of  analysis 
develepsent.  Logarithas  derive  their  usefulness  in  computa¬ 
tion  since  they  allow  aulti plication,  subtraction,  and  expo- 
centiaticn  to  be  replaced  by  simpler  operations  of  addition, 
subtraction,  and  aultiplication  respectively  according  to 
the  fcllcwing  [Bef.  €]: 


lcg(xy)  ■  lcg(x)  ♦  lcg(y) 
lcg(x/y)  «  log(x)  -  lcg(y) 


II.  ABIBWHIS 


IS  ccaEosicatlos  systeas  where  the  transmitter  and 
receiver  are  not  physically  connected  by  conducting 
elements,  the  carrier  wavefcra  is  propagated  from  the  trans¬ 
mitter  tc  the  receiver  by  ase  of  antennas.  An  antenna  is 
simply  a  transducer  which  ccnverts  electronic  signals  into 
electzcmagnetic  fields  and  vice  versa.  Thus  a  signal  begins 
as  an  electronic  signal  at  the  transmitter  and  is  converted 
to  a  propagating  electromagnetic  field  at  the  transmitting 
antenna.  This  electrcmagnetic  field  propagates  as  an  ever 
expanding  plane  wave,  through  the  medium  separating  the 
transmitting  and  receiving  antennas.  As  a  result,  the 
amount  cf  power  contained  within  a  given  area  of  the  trans¬ 
mitting  medium  (field  density)  decreases  as  the  distance 
between  the  transmitting  antenna  and  the  area  under  consid¬ 
eration  increases.  Thus  as  the  distance  between  the 
receiving  and  transmitting  antennas  increases,  the  power  of 
the  electrcmagnetic  field  impinging  upon  the  receiving 
antenna  decreases.  The  receiving  antenna,  in  turn,  converts 
the  electrcmagnetic  wave  back  to  an  attenuated  (reduced) 
version  cf  the  electronic  signal  produced  in  the  trans¬ 
mitter.  It  should  be  noted  that  in  addition  to  the  intended 
transmission  signal,  other  signals  including  background 
noise  aze  present  and  impinge  on  the  receiving  antenna 
inducing  unwanted  voltages.  Therefore,  not  only  is  the 
communication  signal  being  received  attenuated,  but  also  it 
is  inherently  noisy  as  depicted  in  Figure  2.1  . 
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1.  IBAHSHIITIHG  AITBHIAS 

A  tracsDltting  antenna  convents  an  anplified  carrier 
signal  intc  a  propagating  electromagnetic  field.  This  field 
is  txansiitted  by  the  antenna  as  a  propagating  plane  wave 
with  a  prescribed  polarization  and  spatial  distribution  of 
its  field  pcwer  density.  The  spatial  power  distribution  of 
a  transmitting  antenna  is  described  by  its  antenna  pattern 
which  is  defined  as 


power  transmitted 


unit 


-  angle  In  the  direction  i<t>^  , 


solid 


(eqn  2.1) 


where  elevation  and  azimuth  angles  relative 
to  a  fixed  coordinate  system  whose  origin  is  the  center  of 
the  antenna  (see  Figure  2.2  )  .  The  antenna  pattern  indi¬ 
cates  the  amount  of  field  pcwer  that  will  pass  through  a 
unit  solid  angle  in  a  given  direction  from  the  center  of  the 
transmitting  antenna.  A  solid  angle  of  a  cone  inscribed  on 
a  sphere  cf  radius  E  is  given  by  the  surface  area  of  its 
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Figore  2.2  Antenna  Geoaetry. 


spherical  cap  dividco  by  B*  and  is  measured  in  units  of 
steradians.  The  solif  angle  cf  an  entire  sphere  of  radius  S 
is  the  spherical  surface  area  (4irR*)  divided  by  R*  which 
results  in  4  7r  steradians.  Therefore  an  antenna  pattern 
can  be  restated  as  the  amount  of  power  which  will 
pass  through  a  unit  solid  angle  (1  steradian)  in  a  given 
direction  from  the  antenna  center.  The  antenna 

pattern  is  usually  normalized  by  comparing  it  tc  an 
isotrcpic  artenna  of  equal  transmitted  power,  to  form  the 


anten 


na  gain  function  g(<f>p,<p  )  and  defined  by 


-  power  per  unit  solid  angle  of 
an  isotropic  radiator  with 
equal  total  transmitted  power 


(egn  2.2) 


In  isctrcpic  raciatcr  is  an  antenna  which  radiates  equal 
amounts  cf  power  in  all  directions.  [Ref.  9]. 


% 


C«fiQ«  Fj  as  the  total  pcver  transmitted  by  an  antenna. 
Ihen  F^  can  be  deteiolned  by  summing  the  power  over  all 
points  on  the  unit  sphere  or,  more  conveniently,  by  inte¬ 
grating  over  the  unit  sphere,  that  is. 


(egn  2.3) 


where  dQ  represents  the  differential  of  the  solid  angle.  It 
can  he  shewn  that  the  length  cf  an  arc  inscribed  on  a  circle 
cf  B  radius  by  a  radian  angle  d  is  given  by: 


length  =  H^. 


Ihen  a  change  in  elevation  angle  (d<^^)  results  in  an  arc  of 
length  d^^  on  the  surface  of  a  unit  sphere  (B=1). 
hdditicnally  a  change  in  the  azimuth  angle  results  in 

an  arc  of  a  length  that  is  dependent  on  the  applied  eleva¬ 
tion  angle  such  that: 


length  = 


cos 


Ihen 


dQ  =  cos  d(^^d«^^ 

as  depicted  in  Figure  2.2  .  Therefore  Equation  2.3  can  be 
rewritten  as 
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lie  total  power  per  unit  solid  angle  of  an  isotropic 
radiator  with  total  power  is  found  by  dividing  tbs  total 
power  by  the  number  of  steradians  contained  within  a  sphere 
which  is  4ir.  Thus  Equation  2.2  can  be  written  as; 


g  (*£,  <t>^) 


W  (<))£,((>  ^) 

/  4ir 


(eqn  2.4) 


It  can  be  seen  that  the  gain  function  of  a  transmitting 
antenna  is  then  simply  a  ncrmalized  version  of  its  antenna 
pattern  .  Therefore,  if  the  gain  function  is  integrated 
over  the  unit  sphere  it  yields  the  same  value  as  ~p^*^  * 
integrated  ever  the  unit  sphere  such  that; 

J  2.5) 

splw 

Sow  integrated  over  the  unit  sphere  yields  the 

total  transmitted  power  sc  that 


sphere 


or 


f  g(‘^i»^z)dS2  =  4ir  .  (eqn  2.6) 

sphere 

Therefore,  the  volume  under  the  gain  function  surface  is  a 
constant.  This  implies  that  if  the  gain  function  is 
increased  in  one  direcion,  it  must  be  suitably  decreased  in 
ether  directions  to  maintain  the  constant  integrated  value 
cf  4fr.  [Bef.  10]. 
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Best  transmittirg  antennas  are  designed  to  transmit 
theix  radiated  field  in  a  specified  direction.  Thus  the 
gain  function  is  usually  peaked  along  what  night  be  called  a 
preferred  direction  and  such  a  peak  is  referred  to  as  xhe 
antenna  irain  loke.  Trans oissions  in  other  directions  are 
called  sidelobes  and  usually  represent  power  transmitted  in 
unwanted  directions.  Figure  2.3  is  a  typical  parabolic 
antenna  pattern  plotted  as  a  function  of  azimuth  angle  in 
degrees,  for  the  elevation  plane  ^^=0  and  shows  the  mainlcbe 
in  the  ferward  direction. 


Figure  2.3  Farabolic  Intenna  Gain  Function. 

The  actual  antenna  gain  function  is  a  cumbersome 
description  of  the  antenna  radiated  field  pattern;  often 
simpler  specifications  are  used  such  as  antenna  gain  and 
field  of  view.  The  gain  g  of  a  transmitting  antenna  is 
defined  as  the  maximum  value  cf  its  gain  function: 

g  =  max  g  (  ,  4>^)  ,  (eqn  2.7) 
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and  is  usually  stated  in  decibsls.  The  antenna  field  of 
view  is  a  measure  of  the  solid  angle  into  which  all  of  the 
transmitted  field  power  is  concentrated.  In  other  words, 
the  field  cf  view  is  a  measure  of  the  directional  properties 
cf  the  antenna.  For  simplicity  the  field  of  view  is  defined 
as  the  sclid  angle  <  Qpy)  through  which  all  the  radiated 
power  world  pass  if  the  antenna  pattern  in  this  angle  was 
constant  and  equal  to  its  maximum  value.  Thus  Figure  2.3 
would  be  interpreted  as  shown  in  Figure  2.4.  That  is  to  say 
that  Qp,C®ax  W  or 


S2 


A  P _ 

^  max  W(<|>^  ' 


(egn  2.8) 


However  from  Equations  2.4  and  2.7  it  can  be  shown  that 


Air 

g 


steradians  . 


(egn  2.9) 


Figure  2.4  Ideal  Antenna  Gain  Function. 
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field  of  view  is  therefore  inversely  related  to  gain.  This 
seans  that  high  gain  antennas  exhibit  narrow  fields  of  view. 
Sather  than  using  the  solid  angle  field  of  view,  discussions 
and  specif icaticns  regarding  antennas  can  be  store  easily 
dealt  with  in  terms  cf  the  planar  angle  beamwidths  which  are 
given  in  terms  cf  radians  cr  degrees  and  are  defined  sepa* 
rately  fcr  azimuth  and  elevation  planes.  For  example,  the 
antenna  pattern  in  Figure  2.2  has  a  main  lobs  azimuth  beam- 
width  cf  40  measured  at  the  3dB  points.  For  a  symmetric 
gain  pattern  which  is  obtained  by  rotating  the  azimuth  gain 
pattern  about  the  aziiruth  axis,  the  planar  beamwidth  (desig¬ 
nated  and  given  in  radians)  is  related  to  the  solid  angle 
field  of  view  (in  steriadians)  by 


S2  FV  =  2irC  1-cos  (  0|j/2 )  ] 


which,  osing  the  trigonometric  identity  (cos2a=1-2sin2a)  can 
be  written  as 


FV  " 


1-COS  (  ^(,/2 ) 


Then 


Qfv=  4ir[  sin^  (^j,/4)  ]  . 


(eqn  2.  10) 


It  can  be  shown  that  for  very  small  values  of  x,  sin(x)srx. 
Thus  where  ^  is  very  small 


n  2:  47r{6  /4)  2 
FV  D 
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Then 


Q 


FV 


=  IT 


^^4 


Thezefcze,  when  given  a  transmitting  antenna's  field  of 
view,  tfce  planaz  beaswidth  can  be  determined  (in  zadians) 
by  the  equation 


=V4-  «FV  (egn  2.11) 

provided  it  is  known  that  is  small  and  the  spatial  gain 
pattern  is  sysmetrical.  [Hef,  11  ]• 

Nc  transmitting  artenna  is  an  ideal,  less  free  radiatcr. 
Therefore,  the  power  radiated  by  it  is  less  than  the 
power  fed  into  the  artenna  input  terminals.  It  then  becomes 
convenient  to  define  an  effective  antenna  transmitting  gain 
relative  tc  the  power  actually  coupled  into  the  antenna 
input  teminals.  The  power  fed  into  the  input  terminals  of 
the  antenna  is  denoted  .  Thus  the  effective  gain  function 
is  defined  as 


9  (  j ) 


Rf  /  4  • 


This  means 


(egn  2.  12) 


(eqn  2.  13) 


where  P^  *1-^  /P^  is  the  antenna  radiation  efficiency  factor 
and,  in  essence,  is  a  measure  of  the  radiation  losses  cf  an 
antenna.  It  should  he  noted  that  p^<1  ,  so  that  the  effec¬ 
tive  antenna  gain  ^  is  always  less  than  the  gain  g  cf  the 
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actensa  pattern.  Typical  radiation  efficiencies  are  or.  the 
order  of  0.90S  p^<0.  SS.  ccrrasponding  to  a  reducticr.  of 
about  0.5dB  in  gain.  [Ref.  12]. 

The  antenna  gain  function  permits  simplified  calcula¬ 
tions  of  the  amount  of  transmitted  field  power  that  will 
impinge  cn  a  perpendicular  (normal)  receiving  surface  of 
area  A,  located  a  distance  D  in  the  direction  from 
the  transmitting  antenna  (Figure  2.5).  Letting  represent 
the  power  impinging  cn  area  A,  Equation  2.1  can  be  employed 
so  that 


which  states  that  tie  amount  of  power  is  equal  to  the 
amount  cf  power  transmitted  per  unit  solid  angle  in  the 
direction  multiplied  by  solid  angle  that  subtends 
the  scrface  of  area  A, 


Figure  2.5  Antenna  Propagation. 

when  the  distance  D  is  much  larger  than  the  largest 
dimension  cf  the  surface  of  area  A,  then  the  latter  approxi¬ 
mates  a  section  cf  a  spherical  surface  and  total  solid  angle 
subtended  by  the  surface  area  A  is  equal  to  A  divided  by  the 
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distaice  sgcarsd,  that  is. 


Oa  =  A/E** 


Therefore 


r«-)A/D*. 

Using  Egnations  2.  12  and  2.  13  it  can  be  seen  that 

p  ~  rSi  P-r  ^ ^ ^  1  A  .  (eqn  2.14) 

*  I  4irD^  J 

The  quantity  in  brackets  has  units  of  power  per  area  and 
thus  represents  the  power  density,  called  the  field  inten* 
sity  cr  flux  density  of  the  propagating  elect rosagnetic 
field  at  the  distance  D  in  direction  »^j,)*  The  numer¬ 
ator  is  eften  referred  to  as  the  effective  isotropic  radi¬ 
ated  power  (EIBP)  in  the  direction  represents 

the  equivalent  power  which  an  isotropic  antenna  oust 
transiit  is  erder  to  achieve  the  same  field  power  density  at 
a  distance  E  from  the  antenna.  Then,  EIBP  can  be  written 
as: 


EIRP  =  Pt  Pp  g (  ^  2.15) 

It  should  be  noted  from  Equation  2.14  that  when  propagating 
in  free  space,  the  electromagnetic  field  intensity  decreases 
as  a  foncticn  of  the  distance  squared.  [Sef.  13]. 

As  intrinsic  property  of  any  antenna  is  that  its  trans¬ 
mitting  field  of  view  at  a  signal  wavelength  A,  is  related  to 
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the  physical  area  of  the  antenna  A  by 


Q  = 
“fv 


^ap 


(eqr.  2.  16) 


where  Is  the  antenna  aperture  loss  factor.  This  aper* 
ture  less  factor  accounts  fer  antenna  diffraction  losses 
with  values  ranging  from  0.5  to  0.75.  Therefore,  substi¬ 
tuting  Equation  2.16  into  Equation  2.9  means  that  the 
antenna  gain  is  giver  by 


g 


(egn  2.17) 


Savelength  is  related  to  frequency  (f)  by  the  equation  c=  1  f 
where  c  is  the  velocity  of  an  electromagnetic  wave  traveling 
in  a  vacuum  and  has  a  constant  value  of  3x10^  meters  per 
second.  Then 

g  =  4ir(l)^p^A^  .  (6in  2.18) 


It  is  now  readily  apparent  that  for  a  fixed  antenna  size,  as 
the  operating  frequency  increases  the  antenna's  gain 
increases  and  its  field  of  view  narrows.  Alternately,  for  a 
specific  carrier  frequency,  higher  gains  and  narrower  field 
cf  views  require  larger  antennas.  [Bef.  14]. 

E.  BICliyillG  ABTEIIAS 

In  the  previous  section  it  was  shown  that  transmitting 
antennas  convert  electronic  signals  to  electromagnetic 
fields  and  radiate  then  as  power  which  decreases  in  field 
intecsity  as  the  distance  from  the  antennas  increases. 
Similarly,  a  receiving  antenna  converts  impinging  slectro- 
lagnetic  fields  to  electronic  signals  whose  power  is 
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proporticnal  to  the  intensity  cf  the  field  power  intercepted 
by  the  receiving  antenna.  Like  transmitting  antennas, 
receiving  antennas  have  a  fixed  coordinate  system  with  the 
crigic  Iccated  at  the  center  of  the  antenna.  Dnlike  trans¬ 
mitting  antennas  which  are  considered  point  sources, 
receiving  antennas  are  described  in  terms  of  an  effective 
area  ^  vhich  is  a  function  of  the  direction  cf 
arrival  of  the  plane  wave,  referenced  to  the  anten¬ 
na’s  coordinate  system.  The  effective  receiving  antenna 
area  in  the  direction  then  defined  as  [Bef.  15]: 


A(0|,0^) 


power  observed  due  to  the  field 
from  the  direction  ( 91 , 0, ) 

power  density  of  the  field 


(egn  2. 19) 


As  Figure  2.6  illustrates,  the  antenna  area  is  a  func¬ 
tion  of  the  direction  angles  ( ^,  Additionally,  the 
antenna  area  includes  associated  antenna  losses  and  polari¬ 
zation  mismatches  with  respect  to  the  electromagnetic  field. 


ligare  2.6  Circular  Beceiviag  Antenna  Geometry, 


The  effective  area  therefore  describes  a  receiving  pattern 
over  all  directions  from  the  antenna  coordinates.  The 
taziaom  area 


Am 


(egn  2.20) 
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E 


is  th«  largest  area  preseoted  to  arriving  fields.  This 
faziiQB  area  is  less  than  the  physical  antenna  area  Aj  due 
to  the  receiving  aperture  loss  factor  This  aper-ur? 

loss  factor  is  due  to  diffraction,  and 

A„  =  p^Ap  .  (eqn  2.21) 


Froa  the  Hayleigh^Carson  theorem  of  transmitting  and 
receiving  plane  wave  antennas  [Bef.  16],  it  can  be  shown 
that 


(egn  2.22) 


where  g  (  ^.  ,  ^  )  is  the  antenna  gain  function  that  would 
result  if  the  antenna  were  used  to  transmit  signals.  In 
general  it  can  then  be  said  that,  except  for  scaling 
factors,  and  antenna's  transmitting  and  receiving  patterns 
are  the  sase,  'and  the  ability  cf  an  antenna  to  receive  from 
a  given  direction  egoals  its  ability  to  transmit  power  in 
that  same  direction.  From  Equation  2.17,  where  is  the 
antenna  physical  area,  and  the  reciprocity  principle  it  can 
he  seen  that  A^^  a  Ap  so  that 


A  =  =  giL 

4^  P3P  4T 


cr  rewritten  in  the  fcrm 

jL 

g  4  ir 


(eqn  2.23) 
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and  sobs-titcting  into  Equation  2.22 

A(0o 2.24) 

X.  9  4ir  P  a 

This  then  relates  antenna  receiving  area  pattern  directly  to 
the  gain  pattern  and  the  operating  frequency.  Furtheroore, 
the  difference  between  the  receiving  antenna  area  function 
and  the  antenna  gain  function  is  Jk^/U‘jr  .  Nov  recalling 
Equaticn  2.9  and  substituting  according  to  Equation  2.23, 
J2fv  =  from  Equation  2.21  A„=  that 

Q  =  — t, (eqn  2.25) 

^apAp 

which  is  the  solid  angle  associated  with  maximal  power 
reception  of  the  receiving  antenna.  This  then  implies  that 
directicrality  requires  high  operating  frequencies  in  order 
to  obtain  antennas  of  reasonable  size.  Thus  the  design  of 
receiving  antennas  can  be  equivalently  stated  in  terms  of 
transmitting  antenna  gain  patterns.  Therefore,  if  a 
receiving  antenna  is  required  to  have  a  given  field  of  view 
it  can  be  designed  as  if  it  were  a  transmitting  antenna  with 
the  same  field  of  view.  For  example,  an  antenna  with  the 
pattern  shewn  in  Figure  2.3  would  collect  transmitted  power 
primarily  ever  a  4®  beam  width  as  measured  from  the  3dB 
points.  [Bef.  17], 

C.  BECEIVED  POHEB 

The  actual  amount  of  carrier  power  that  can  be  trans¬ 
mitted  tc  a  receiver  is  a  key  parameter  in  assessing  cemmu- 
nicaticn  system  performance  and  controls  management 
decisions  regarding  equipment  specifications,  link 
distances,  operating  frequencies,  and  construction  costs. 
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Pigcie  2.7  is  a  typical  coBmunication  system  which  oper¬ 
ates  at  a  fixed  carrier  frequency  f^.  Within  the  trans- 
ffittex,  the  information  signal  passes  through  a  transmitter 
power  amplifier  which  produces  a  modulated  carrier  signal 
with  carrier  power  The  carrier  power  is  the  output  of 


(fc  /  Pamp^ 


figure  2.7  Transmitting  and  Receiwing  Channel. 

the  transmitter  and  is*  coupled  to  the  transmitting  antenna 
terminals  hy  means  ci  either  a  waveguide  or  a  cable.  The 
power  cccpled  to  the  antenna  Is  given  by 


(egn  2.26) 


where  account  for  the  guide  or  coupling  losses  at  the 
transmitter.  From  Equation  2.15  the  BiBP  of  the  transmitter 
in  the  direction  of  the  receiver  is 


EIRP  = 


(eqn  2.27) 


where  is  the  radiation  loss  factor  of  the  transmitting 
antenna  and  g(^,  *  )  is  the  transmitting  gain  function  in 

the  direction  of  the  receiving  antenna,  located  seme 
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distacce  (D)  away.  is  demonstrated  by  Equation  2.14,  the 
power  density  arriving  at  the  receiving  antenna  after 
propagating  a  distance  D  is  given  by 


P 


den 


EIRP 

4fl-D2 


(egn  2.28) 


IssuDing  that  propagation  c£  the  plane  wave  is  through  a 
•edica  ether  than  a  perfect  vacuum,  an  additional  loss  (1«^> 
lay  be  experienced  due  to  atmospheric  absortion,  rainfall, 
etc.  Thus  the  power  density  is  reduced  by  a  factor  such 
that 


p  =  La  .  (eqn  2.29) 

It  should  be  noted  that  for  free  space  La=1  which  equates  to 
no  less.  The  power  collected  by  the  receiving  antenna 
presenting  an  effective  area  A  <<|>j  ,  ^^ )  to  the  arriving  plane 
wave  is 


.  /• 


and  from  Equation  2.24  for  ‘^An  be  seen  that 


{eqn  2.30) 


During  conversion  from  the  electromagnetic  field  to  an 
electronic  signal,  a  portion  of  the  intercepted  power  is 
lost  and  accounted  for  by  introducing  a  loss  factor  . 
Thus  received  power  ^  ^  is 


Pr 


36 


and  fiCB  Equations  2.26,  2.27,  2.29,  and  2.30  it  can  be 

shown  that  total  ccllected  carrier  power  at  the  output 
terainal  o£  the  receiving  antenna  is  given  by 


It  beccies  convenient  to  interpret 


£k 

\  = 


j_  ji  =  p_Y 

lirD^  4ir  \4irD/ 


(egn  2.32) 


as  free  space  prcpagation  less  so  that  Equation  2.31  can  be 
written  as 


~  ^amp^r  ^  ^  * 


Assuming  the  antennas  are  properly  aligned  >  so 
that  the  transmitter  and  receiver  directions  are  at  the  peak 
c£  the  gain  functions, then  can  be  written  as 


P 

r 


P 

amp 


a  L^L  L  L  g^g 
t  a  p  r^t^r 


(eqn  2.33) 


where  g^and  g^.  are  new  the  respective  antenna  gains.  This 
equation  then  is  a  summary  cf  the  effect  of  the  complete 
carrier  transmission  subsystem  as  the  power  flows  from  the 
transmitter  power  amplifier  to  the  receiving  antenna 
terminals. 

It  can  be  seen  that  Equation  2.33  involves  simply  a 
product  of  the  gains  and  losses  along  the  signal  path. 
Qsually,  gains  and  losses  are  given  in  terms  of  dB. 
Therefore,  it  is  convenient  to  express  the  equation  for 
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in  dE  Ectation.  This  results  in 


^  *  '  "<W)*  *(9.)* 


(sgr.  2.  3D) 


where  all  factors  are  dB  values  with  the  less  factors  tsing 
negative.  The  propagation  less  factor  Lp  when  put  in  dB 
notation  reduces  to  either 


(Lp)^  =  [-36.6  -  20logD  -  20log(fp)]j 


(eqn  2.35) 


when  distance  is  in  siles  and  frequency  is  in  HHz,  or 


(LpU  =  [-32.4  -  201ogD  -  20log(f  )]^ 


(eqn  2.36) 


when  distance  is  in  kilometers  and  frequency  is  in  MHz.  The 
final  result  is  that  the  received  power  available  from  the 
receiving  antenna  is  given  by  Equation  2.3b.  This  equation 
is  known  as  the  power  budget  equation.  It  must  be  used  if 
one  is  to  analyze  system  performance  in  terms  of  received 
power  levels. 

Ezasple  2.1:  Assume  a  communications  system  must  be 
designed  for  placement  in  mountainous  terrain  where  the 
transiritting  and  receiving  stations  are  to  be  located 
approximately  30  miles  apart.  The  frequency  manager  for  the 
area  has  assigned  270eHz  as  the  carrier  frequency.  If  the 
output  of  the  transmitter  power  amplifier  is  lOOwatts,  guide 
and  coupling  losses  to  the  transmitting  antenna  total  IdB, 
and  the  radiation  loss  factor  of  the  transmitting  antenna  is 
0.95,  then  the  total  radiated  power  is  18.777dBH.  The 
prop-jgaticn  loss  can  be  calculated  to  be  11U.7U  dB.  If  the 
total  atBOspheric  losses  due  to  absortion  and  scattering  are 
3dB,  the  guide  and  coupling  losses  of  the  receiver's  antenna 
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secticn  are  identical  to  the  transaitter 's,  and  the  ininiaiua 
detectable  signal  level  is  1/xwatt,  it  can  be  deter  mined  that 
the  comtinsd  gain  cf  the  two  antennas  must  be  UOdB. 
Assuming  that  the  antennas  employed  are  identical  dish 
antennas  with  an  aperture  loss  factor  of  0.75,  their  size 
can  be  determined  tc  be  approximately  1  foot  in  diameter. 
Ihus  the  cost  of  setting  up  such  a  system  should  be 
moderate. 

D.  ANlfllHi  FB0PA6AT1CB  CHABNEIS 

There  are  four  kasic  propagation  channels  that  can  be 
defined  for  the  electromagnetic  fields  transmitted  by 
antennas,  as  indicated  in  Figure  2.8.  These  are  (1)  the 
ground  wave  channel;  (2)  the  space  wave  channel;  (3)  the  sky 
wave  channel;  and  (4)  the  outer  space  wave  channel.  Each  is 
appropriate  in  a  specific  application  and  each  defines  a 
slightly  different  picpagation  model,  [Bef.  18]. 


Outer 
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Figure  2.8  Free  Space  Propagation  Channels. 
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Gicund  Channel 

ihen  both  the  transmitter  and  receiver  are  located 
within  a  few  meters  of  the  earth,  the  electromagnetic  field 
behaves  as  a  vave  propagating  within  a  waveguide  with  the 
earth  itself  serving  as  a  waveguide  wall.  Such  models  are 
applicable  in  landbased  mobile  and  hand-held  communication 
systems.  The  ground  wave  channel  is  characterized  by  strong 
attenuation  with  distance  and  attenuation  values  increasing 
sharply  as  carrier  frequency  increases.  Thus  the  ground 
wave  channel  is  practical  only  for  systems  operating  at  or 
below  tie  HP  ranee  over  distances  of  a  few  miles. 
CRef.  19]. 

ilSI  Wa  ve  Channel 

The  sky  wave  channel  results  when  the  propagating 
electromagnetic  field  is  reflected  by  either  the  ionosphere 
cr  troposphere  boundary  region.  The  ionosphere  is  a  region 
of  free  electrons  trapped  in  a  belt  around  the  earth.  To 
the  longer  wavelength  carrier  frequencies  (HF  and  below)  the 
ionosphere  appears  as  a  conducting  surface  which  reflects 
carrier  energy.  This  characterist ic  allows  long  range, 
ever- the-hcrizon  communications  such  as  the  Navy's  HF  ship- 
to-shcre  or  fleet  broadcast  channels.  [Ref.  20]. 

as  has  been  pointed  cut,  antanna  size  is  inversely 
related  to  carrier  frequency  (the  lower  the  frequency  the 
larger  the  antenna).  For  this  reason,  frequencies  below  the 
HF  range  are  usually  not  emplcyed  for  sky  wave  channel 
tra ns  si ssicn.  Cn  the  other  hand,  the  smaller  wavelengths 
above  Bf  penetrate  the  ionosphere  and  are  absorbed  or  scat¬ 
tered  rather  than  reflected. 


40 


5£3£J  Wave  Channel 


The  space  wave  channel  is  strictly  a  line-cf- sight 
(LOS)  channel  contained  within  tbs  earth's  atmosphere 
whereby  the  electronagnetic  field  propagates  directly  from 
the  tzansnitter  to  the  receiver.  Typical  examples  of  such 
communicaticn  channel  use  are  earth-airplane,  airplane- 
airplane,  and  microwave  relay  systems.  Since  LOS  systems 
are  fitted  on  highly  mobile  platforms  or  placed  cn  fixed 
site  structures  which  require  raising  antennas  high  enough 
to  preclude  severe  signal  ground  attenuation,  frequencies  of 
operaticn  are  restricted  tc  that  portion  of  the  spectrum 
above  HF.  [Sef.  21]. 

Eaximum  reception  distance  or  the  LOS  distance  of 
systems  utilizing  the  space  wave  channel  is  dependent  on  the 
altitude  of  both  the  transmitting  and  receiving  antennas  as 
shown  in  Figure  2.9.  Clearly,  if  the  height  of  the  antenna 


1 


Figure  2.9  LOS  Geometry. 

at  station  2  and  3  in  Figure  2.9  is  equal,  then  as  the 
height  of  the  antenna  at  station  1  increases,  so  doss  the 
line-of-sight  distance  (D3>D^).  Referring  to  Figure  2.10 


m 


Figure  2.10  LOS  Deteraination 


the  LOS 
tions. 


vheze  r 
antenna 


distance  can  te  deternined  using  Pythagorea 
The  distance  can  be  found  by 

(Dp^+  =  (hj+r)^  (eqn 

is  the  earth's  radius  and  is  the  height 
Then 


rela- 

.  37) 

cf  cne 


Now  h^<<  r  and  h2<<  r  so  that  h*  «  2hjr  and  h|  «  2h2r. 
Thersfcrs  ky  approxisation 

=Y2h^r  2.38) 

Furthermcza,  the  average  radius  of  the  earth  (r)  is 
3960Diles  whereas  the  heights  h^  and  h2  are  usually 
expressed  in  feet.  Then  Equation  2.38  yields  the  approxi- 
vate  ICS  distance  in  siles  for  two  anrennas  elevated  h^  and 
h2  feet.  If  either  antenna  is  located  at  ground  level  the 
respective  term  simply  is  0 ,  So  from  Equation  2.38 

)  (egli  2.39) 

Ihis  then  is  the  distance  used  to  calculate  the  propagation 
path  loss  in  the  power  budget  equation  (for  a  transmission 
set  cp  siiilar  to  Figure  2. 9  ) . 

Since  the  space  wave  channel  is  contained  within  the 
earth's  atmcsphere,  the  propagating  wave  is  also  subjected 
to  attencation  due  tc  atmospheric  particles.  This  effect  is 
particularly  severe  when  the  carrier  frequency/wavelength 
approaches  the  size  cf  the  various  particles  in  the  atmos¬ 
phere.  Rainfall  tends  to  be  a  particularly  significant 
attenuatcr  since  water  drop  sizes  approach  the  wavelengths 
asscciated  with  the  higher  microwave  frequencies. 

SSlSI  Space  Channel 

In  outer  space  channel  involves  transmission  cut 
through  the  earth's  atmosphere  to  satellites  and  space 
staticns.  In  this  channel  energy  must  pass  through  the 
ionosphere  boundary  layer  rather  than  be  reflected.  Thus 
cuter  space  channels  require  use  of  operating  frequencies 
well  abcve  the  HP  band.  Jls  the  carrier  frequency  is 
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increassd  into  the  VEF  and  SHF  band  a  larger  portion  cf  the 
field  energy  passes  through  the  ionosphere  rather  than  being 
scattered  and  reflected.  The  signal  must  still  pass  through 
the  atmosphere  and  is  subject  to  atmospheric  attenuation; 
however,  the  relatively  small  distance  of  atmosphere 
compared  tc  an  extracrdinar ily  long  propagation  distance  in 
a  near  vacuum  significantly  reduces  the  impact  of  the  atmos¬ 
pheric  effects.  Thus  the  major  attenuating  factor  fcr  the 
cuter  space  channel  is  propagation  path  loss.  Furthermore, 
satellite  to  satellite  or  space- station  to  space-station 
communicaticns  would  have  no  atmospheric  losses  since  commu¬ 
nications  would  be  totally  outside  the  earth's  atmosphere. 
[Bef.  22]. 

5 .  ELF  Ch annel 

Cne  final  channel  which  has  not  been  previously 
identified  is  the  ELF  channel,  it  is  only  mentioned  because 
of  recent  work  conducted  in  the  SLF  band  and  the  approved 
Department  cf  Defense's  ELF  project  as  part  of  the  strategic 
triad.  The  principle  underlying  the  propagation  cf  an  ELF 
carrier  signal  is  that  at  the  SLF  frequencies  the  earth  and 
ionosphere  boundary  layer  act  like  the  interior  walls  of  a 
waveguide.  Waveguides  are  normally  constructed  such  that 
the  principal  dimension  is  either  1/4  or  1/8  of  the  carrier 
frequency  wavelength.  Thus  if  the  boundary  of  the  iono¬ 
sphere  is  300  miles  above  the  earth,  the  operating  frequency 
can  be  determined  by 


(X/8)  *  300miles. 


where  X*c/f.  So  that  f=(c/ A, )  =77Hz. 


It  can  therefore  be 


projected  that  ELF  will  be  operated  at  or  near  77Hz  and/or 
155HZ.  [Bef.  23]. 
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I.  CCtlHIlNICATIOl  SAlllLITES 


Ic  b€  cf  value  as  a  relay  point  for  communications  from 
one  point  on  Earth  to  another,  a  communications  satellite 
must  have  a  predictatle  orbit.  The  orbit  must  also  have 
characteristics  which  permit  reasonable  terminal  designs 
that  can  be  affordably  deployed  at  both  fixed  sites  and 
aboard  mobile  platforms.  A  number  of  satellite  orbits  have 
value  fci  different  communications  systems.  By  far  the  most 
popular  is  the  geosynchronous  orbit  satellite  which  has  xhe 
unigue  characteristic  of  appearing  fixed  in  space  relative 
to  an  Earth  observer. 


1 .  Cjbital  Parameters 


Three  fundamental  laws  govern  the  orbital  motion  of 
Earth  satellites.  These  are: 


1.  Newton's  law  cf  universal  gravity  -  The  force 

on  the  satellite  due  to  the  earth's  gravita¬ 
tional  field  is  inversely  proportional  tc  the 
distance  between  the  earth  and  satellite 
centers. 

2.  Kapler's  first  law  -  Satellite  orbits  lie  in 

planes  which  pass  through  the  earth's  center 
and  are  conic  sections. 

3.  Kepler's  second  law  -  Elliptical  orbit  satel¬ 

lites  have  orbit  period  (T)  and  orbit  semi- 
major  axis  (2a)  which  are  uniquely  related  as 


Figure  2.11  shows  two  conic  sections  of  interest  with 
respect  tc  communication  satellites.  These  are  the  ellipse 
and  the  special  case  ellipse  which  is  a  circle.  Figure  2.12 
shows  the  general  ellipical  orbit.  The  major  axis  is  2a  and 
the  miner  axis  is  2b.  The  central  body  of  the  orbit  is  the 
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elliptical,  b/a  increases  sc  that  e  becomes  smaller  and 
smaller,  For  the  special  case  of  a  circular  orbit,  t=a 
ehich  is  the  radius  cf  a  circle  and  e=0.  Two  additional 
parameters  cf  interest  are  the  instantaneous/linear  velocity 
cf  a  satellite  and  its  orbital  period.  Instantaneous 
velocity  (v)  is  given  by: 

V  =  ^  -  -I-)  2.«0) 

where  fi  is  Earth’s  gravitational  constant 
(3. 99ix105kmVsec2)  ,  r  is  the  instantaneous  distance  to  the 
satellite,  and  ''a”  is  the  semi-major  axis  of  the  orbit.  The 
period  (T)  cf  an  orbiting  satellite  is  given  by: 

T  =  2ira*V/i'‘  2.41) 

where  T  is  in  seconds.  [Bef.  24]. 

The  one  crbit  which  is  of  importance  to  present  day 
satellite  communications  is  the  geosynchronous  orbit.  As 
previously  mentioned,  this  crbit  is  characterized  by  a 
circular  crbit  {eccentricity  cf  zero)  with  period  and  incli¬ 
nation  selected  so  that  the  satellite  appears  stationary  to 
an  observer  on  Earth.  Inclination  is  the  tilt  of  the 
orbital  plane  with  respect  to  Earth's  equatorial  plane  as 
illustrated  in  Figure  2.13.  Thus  it  can  be  seen  that  for  a 
geosynchrcus  ortit,  the  satellite  must  be  positioned  above 
the  earth's  equator.  Because  the  earth  is  in  orbit  around 
the  sun  in  addition  to  rotating  about  its  north-south  axis, 
the  orbital  period  of  a  geosynchronous  satellite  can  not  be 
determined  as  siiply  as  its  inclination.  As  it  turns  out, 
the  orbital  pariod  cf  a  geosynchronous  satellite  is  one 
sidereal  day  or  I  =  66,164  seconds.  [Ref.  25]. 
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Figar'e  2.13  Orbit  Inclination. 

Ihe  sab-crbital  point  cf  a  gaosynchronoas  satellite 
is  that  joint  on  Earth  directly  beneath  the  satellite.  The 
distance  frcm  this  pcint  to  t'he  satellite  can  be  determined 
by  studying  the  forces  acting  ca  the  satellite.  Khen  the 
Satellite  is  in  its  crbit,  the  gravizational  force  between 
the  satellite  and  Earth  is  balanced  by  the  centrifugal  force 
cf  the  satellite  orbiting  Earth.  From  physics,  the  gravita¬ 
tional  force  is  given  by 


F  =  G 


M.Mj 


(eqn  2.tt2) 


where  G  is  the  universal  gravitational  constant 
(6.613x1C*ciiVgni“sec2)  Mg  is  the  mass  of  Earth 
(5. 982x  1C23gm)  ,  Mj  is  the  mass  cf  the  satellite  ,  and  r  is 
the  distarce  between  the  centers  of  Earth  and  the  satellite. 


The  centrifugal  force  cf  the  orbiting  satellite  is: 


F  =  MjCD^r 


(eqr.  2.43) 


where  w  is  the  angular  velocity  of  the  satellite  and  is 
equal  to  2flr/T.  When  equilibrium  is  achieved,  the  forces 
described  tj  Equations  2.42  and  2.43  are  equal  and  opposite. 
Ihus  it  can  be  seen  that: 


G 


Ms  Me 

“TT 


Ms  Jr 


so  that 


r  = 


(eqr.  2.44) 


Now  G  Bg  is  simply  the  earth’s  gravitational  constant  fx,  and 
to  -2v/T,  Therefore  Equation  2.43  can  be  written  in  ths  fern 


r  = 


(eqn  2.45) 


Substituting  the  appropriate  values  into  the  equation  for  fi 
and  T  results  in  an  orbital  radius  42,185Kin  (26 ,2 123)iles) 
from  the  center  cf  Earth.  The  sub-orbital  distance  is  the 
satellite  orbital  radius  minus  Earth's  equatorial  radius 
(6378KDi/3963iiiiles)  .  The  sub-orbital  radius  is  35,897Kn 
(22 , 249iiiilss) .  Thus  a  communication  signal  transmitted 
between  the  satellite  and  a  sub-orbital  Earth  station  would 
have  a  propagation  path  loss  applied  over  a  22,249  mile 
link. 
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Ihe  tangential  velocity  required  for  a  geosynchro¬ 
nous  satellite  to  maintain  orbit  can  be  quickly  detersined 
by  applying  the  results  of  Equation  2.45  to  Equation  2.40  . 
however.  Equation  2.39  can  be  somewhat  simplified  sines  rhs 
semi-iajcr  axis  of  a  circular  erbit  is  equal  to  the  instant- 
neous  distance  r  frcir  the  earth  which  is  the  sut-ortital 
distance.  Thus  V  ,  sc  that  the  tangential  velocity 
cf  a  gecsynchronous  satellite  is  11,074  Km/hr. 

2 .  i£t enna  Conslderaticns 

If  a  satellite  is  tc  be  used  as  a  relay  of  communi¬ 
cation  signals  bstween  various  points  on  Earth,  the  coverage 
cr  pciticn  cf  the  Earth  which  can  be  viewed  from  the  satel¬ 
lite  is  impertant.  Iherefcre,  the  satellite  antenna  beam- 
width  cr  field  of  view  required  to  provide  maximum  Earth 
coverage  must  be  determined.  Prom  a  management  perspective, 
the  desired  antenna  teamwidth  is  such  that  the  transmitted 
electromagnetic  field  impinges  on  the  Earth's  surface  with 
no  spill-cver  to  the  space  teyend.  Figure  2.14  illustrates 
the  gecietry  to  be  employed  to  quantify  the  satellite 
antenna  teamwidth  necessary  to  provide  maximum  Earth 
coverage  while  conserving  transmitter  power  output.  In 
Figure  2.14  ,  R  is  the  earth's  equatorial  radius,  h  is- the 
subcrtital  distance,  is  the  maximum  latitude  of  recep¬ 
tion,  and  is  the  maximum  coverage  beamwidth.  can  be 
determined  from 


R 

R+h 


sin(9^/2)  . 


(eqn  2.46) 


Iherefcre, 


=  2arcsin[S/(R+h)  ]. 
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Figxire  2.14  HazimaB  Satellite  Coverage. 

From  the  deter  irinaticn  of  the  suborbital  distaace  for 
geosy tchioacus  satellites  it  can  be  shown  that  the  beaawidth 
needed  tc  provide  naximum  Earth  coverage  is  17. 40. 
Similarly,  the  aaxinum  Ear.h  coverage  achieved  with  this 
antenna  is  given  by; 


29^=  2arccos[  R/ (R+h)  ] 


which  turns  cut  to  he  162.  60.  xhe  maximum  physical  user 
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Fcr  Earth  stations  which  are  not  located  at  the 
subortital  point,  two  factors  ipust  be  considered.  These  are 
the  direct  path  distance  to  the  satellite  and  the  Earth 
station's  antenna  elevation  angle  to  the  satellite.  Figure 
2.15  illcstrates  the  geometry  used  to  determine  these  two 
factors.  Since  the  geosynchronous  satellite  is  positioned 
over  the  eguatcr,  the  Earth  station's  latitude  is 
directly  related  to  the  antenna  elevation  angle  a  and  the 
direct  path  distance  /  to  the  satellite.  The  triangle  in 
Figure  2.15  can  be  broken  into  two  distinct  right  triangles 
(as  in  figure  2.  16)  to  determine  both  a  and  f .  To  deter¬ 
mine  !  the  dimensions  of  the  lower  triangle  must  first  be 
found  and  then  applied  to  the  second  triangle.  In  turn  this 
informaticr  can  he  used  to  solve  for  a.  Knowing  R  and  , 
A  and  B  are  found  from 

A  =  R  cos(^[^  (eqn  2.48) 


Figure  2.16  Partitioned  Geometry. 


and 


B  =  R  sin(  0  )  . 

tn 


(sqn  2.U9) 


Then 


C  =  h+R-A  =  b>R[  1-cos  (  ^  )] 

tn 


so  that  f-  B2  +  C2  ,  cr 

!=  (b?  +2hR  +2R^-2hR  cos  ^^-2R^cos  (eqn  2-50) 

and  the  angle  z  is  determined  from  tan(z)=B/C.  Or 


2 


acrtan 


R  sin( 

h+R-Rcos {  6  )  ' 


Now  since  there  are  a  total  of  180°  in  a  triangle  and  a  is 
the  angle  atove  the  horizon  then  a=  (i  80o- tf^-z) -90° ,  cr 

o  =  90°-^-  arctan  — .  (^9^  2.51) 

h+R-Rcos  (  $  ) 
m 

However,  if  the  elevation  angle  is  known  then  the  general¬ 
ized  form  of  the  Pythagorean  theorem,  namely 


c2=  a2+  b2-  2ab  cos  $  (e^r*  2.52) 

can  he  applied  to  Figure  2.  15.  it  can  then  be  shown  that 


(h  +  R)2  s  E2  ♦  ^2  -  2R/cos(90o  +  a)  . 
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Eut 


ccs(90o  +  a)  =  “Siii(a)  . 


Thus  (h+E)  2  can  be  rewritten  and  put  into  the  quadratic  form 

+(2Rsina)/-(h^  +  2hR)  =  0  (eqn  2.53) 

and,  usitg  the  scluticn  of  a  quadratic  equation,  !  is  evalu¬ 
ated  fro  IT 

-2RsinaiV4K^sin^o  +  4h^  +  8hR  ^  ^ 

f  =  - - - - -  .  (eqn  2,54) 

2 

Now  Qo  <  a  <  900,  lurther nor e,  the  distance  /  must  always 

be  positive,  therefore  Equation  2.54  can  be  written  as 

/=  -Rsino  +  V  R^sin^a  +  +  2hR  (egt  2,55) 

Example  2.2:  Assume  a  geosynchronous  communication 

satellite  is  "parked”  at  177®  East  longitude.  If  an  Earth 
station  is  located  in  Singapore  (  lON  104' e  )  then  the 

angle  between  the  satellite  sub-orbital  point  and  the  Earth 
station,  is  73o  (more  aocurately  73000'08")  and  using 

Equation  2.51  the  elevation  angle  of  the  Earth  station 

antenra  oar.  be  determined  to  be  8. 4®  above  the  horizon. 
Then  from  this  elevation  angle  the  propagation  path  (  I  ) 
between  the  satellite  and  the  Singapore  station  is  deter¬ 
mined  via  Equation  2.55  and  found  to  be  25,338  miles. 

Example  2.3;  Assume  an  Earth  station  satellite 
antenra  must  be  aligned  such  that  for  maximum  received 

signal  power  the  antenna  is  pointed  5®  above  the  horizon. 


55 


3he  distance  over  which  the  signal  must  propagate  from  tha 
satellite  to  the  Earth  station  can  be  determined  from 
Equation  2.53  and  is  25,567  miles.  If  the  carrier  frequency 
is  hrcwn  to  be  6GHz  then  the  path  loss  (  Equation  2.32  )  is 
found  to  be  -200dB. 

3.  Antenna  Allan aent  Epror 

As  electromagnetic  waves  propagate  from  a  radiating 
antenna  they  expand  or  "spread”  in  accordance  with  the 
antenra's  radiation  pattern.  From  Figure  2.17  ,  an  electro¬ 
magnetic  wave  propagated  by  an  antenna  with  gain  g  and 
planar  beamwidnh  will  be  spread  over  a  distance  H  at  a 

distance  D  units  away  from  the  antenna. 


Figure  2.17  Expanding  Plane  iave. 

The  one  dimensional  spreading  distance  W  of  the 
propagating  wave  can  be  determined  provided  the  transmitting 
antenna  gain  (g)  is  krown  and  the  spatial  radiation  pattern 
is  symmetrical.  Prom  Equations  2,9  and  2.10  it  can  be  shewn 
that 


— ^  =  2arcsin(~)^ 

2  g 
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and  frcB  -tr igoncraetry 


”d 


tan(^tj/  2)  . 


Ihen 


W  =  2Dtan(  /  2) 


let  =  X  anc  a=  arcsln(x)  .  Using  the  trigcmatric 

identities  tan2a  =  (2tana)  /  (l-tan^a) ,  where  a  is  in  terms  of 
arcsinix),  and  tanC  arcsin  (x)  ]  =  [x2/(l-x2)  ]  ;  then 


tan2a  = 


2^l  xV(l-x^) 
l-[x^/( l-x^ ) ] 


Since  X 


=  7  ( Vg) 


tan2a  = 


1  )/g 


(g-2)/g 


q-2 


Thus 


W 


D 


4  Vg^ 
g-2 


(egr.  2.56) 


Eguaticn  2.56  indicates  that  as  the  gain  of  an  antenna 
increases  the  spreading  of  the  plane  wave  at  a  given 
distance  decreases.  h  guantitative  comparison  of  the  gains 
and  spreading  distances  in  Table  I  exemplifies  this. 


TIBLE  I 

Plane  Rave  Spread  Distance 


Antenna 

Gain 

(dE) 

W/D 

W 

(Miles) 

10 

1. 5000 

45.0 

2Q 

0. 4061 

12.2 

30 

0.  1267 

3.8 

40 

0. 0400 

1.  2 

45 

0, 0225 

0.7 

50 

0. 0126 

0.  4 

are  for  E= 

30miles  from 

the  transmitter 

In  crder  for  an  artenna  to  receive  a  propagating 
electro  nag  re  tic  eave,  not  only  must  the  receiving  antenna  be 
within  the  area  which  the  propagating  wave  traverses,  bnt  it 
Bust  also  be  pointed  in  the  direction  of  the  transmitter. 
Therefore,  if  the  transmitting  and  receiving  antennas  are 
separated  bj  a  distance  D,  Equation  2.56  (which  describes 
the  plane  wave  spreading  distance)  determines  the  distance 
that  a  receiving  antenna  can  travel  and  still  be  within  the 
field  cf  view  of  the  transmitting  antenna.  Assuming  the 
antenna  in  Figure  2.17  describes  a  receiving  antenna,  a 
signal  originating  at  any  point  along  the  line  W  can  be 
"viewed”  by  the  antenna,  as  long  as  the  signal  is  propa¬ 
gating  toward  the  receiver.  A  critical  question  then 
follows,  "Bcw  accurately  must  antennas  be  pointed?" 

For  the  case  cf  a  geosynchronous  satellite  which  has 
a  transmitting  antenra  providing  Earth  coverage  (17. 40  beam- 
width)  it  can  be  shewn  that  if  the  antenna  is  misaligned  10 
from  the  sub-orbital  point  all  Barth  stations  on  one  side  of 
the  glebe  fall  outside  satellite  coverage  (see  Figure  2.18). 
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Figure  2.18  1  Degree  Satellite  Antenna  Hisalignaent. 

The  misalignment  distance  S ,  is  given  by 

S  = 

where  D  is  the  distance  from  the  antenna  and  $  is  the  misa*- 
lignment  in  radians.  Thus  fer  a  gaostationary  satellite 
antenna  misalignment  of  1^  r  the  rransmitted  signal  is 
shifted  ccBpletely  out  of  view  for  Earth  stations  within  a 
388aile  fringe  where  coverage  would  normally  occur. 
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Ccnversely,  pointing  accuracy  for  an  Earth  station 
antenna  is  not  as  critical  as  the  pointing  of  the  satel¬ 
lite  *s  antenna.  As  shculd  te  cbserved,  if  the  Earth  station 
antenna  is  aligned  in  such  a  way  that  the  satellite  is  in 
the  center  of  the  antenna  gain  pattern,  in  order  tc  be 
within  the  field  of  view  of  the  satellite,  the  pointing 
accuracy  of  the  antenna  oust  be  no  worse  than  half  the 
fceaewidth  (see  Figure  2.19)  . 


ligvre  2.19  Barth  station  Antenna  Hisalignaent. 


I.  FIBFCBBAIiCB  CBITBEIOI 


In  tte  actual  op€ration  of  a  communication  systsm  th<3 
recovers  a  waveforms  at  the  receiver  do  net  generally  corre¬ 
spond  exactly  tc  tie  desired  waveforms  produced  in  the 
transiitter.  This  is  due  to  anomalies  occurring  in  trans¬ 
mission  and  reception  that  cause  signal  distortion  and  the 
insertion  c£  interference  and  noise  waveforms.  These 
effects  cause  a  tasic  deterioration  of  the  desired  waveform 
and  degrade  the  overall  communication  operaticn.  Tc  assess 
the  perfcrarance  of  a  communication  link  it  is  therefore 
necessary  tc  account  for  these  effects  in  system  analysis. 
Typically,  a  specific  performance  criterion  relating  desired 
and  actual  operation  is  first  decided  on.  Subsequent  system 
comparison  is  then  based  on  satisfying  the  criterion.  When 
more  than  cne  system  design  is  being  considered,  a  cenpar- 
ison  can  be  made  with  respect  tc  the  decided  criterion  and 
the  mest  favorable  system  can  be  determined. 

Cne  cf  the  most  convenient  and  widely  used  measures  of 
parfcrmarce  in  ccmmunication  analysis  is  the  signal  to  noise 
ratio  (SNR) .  Signal  tc  Noise  Ratio  is  defined  as 

SNR  =  t"  ^ -  . 

power  of  the  interfering  waveform 

Thus  SNR  indicates  hew  much  stronger  the  desired  signal  is 
relative  to  the  interference  at  some  point  in  the  system. 
If  SNB  is  greater  than  one,  there  is  more  power  in  the 
desired  signal  than  in  the  interference,  and  vice  versa  if 
SNR  is  less  than  one.  [Bef.  26]. 

In  addition  to  ccllecting  the  desired  carrier  field  from 
a  trarssitting  antenna,  a  receiving  antenna  also  collects 
noise  energy  from  background  scurces  in  its  field  of  view. 
This  background  energy  is  due  primarily  to  random  noise 
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emissicns  frco  galactic,  solar,  and  terrestrial  sources, 
constituting  the  sky  backgrcond.  •  The  ancunt  cf  noise 
collected  ty  an  antenna  is  the  major  limitation  to  the 
sensitivity  of  the  receiving  system  since  it  determines  the 
weakest  carrier  signal  that  can  be  distinguished.  Ancther 
type  cf  noise  which  may  appear  during  reception  is  radio 
frequency  interference  (BFI)  and  is  due  to  ether  transmit¬ 
ting  serrees.  A  third  and  final  noise  to  be  mentioned  is 
thermal  noise.  This  noise  is  due  to  the  random  moticr.  cf 
electrons  within  the  communication  syscem  component  material 
and  is  directly  related  to  material  temperature.  As  the 
temperature  of  the  components  increases  so  does  electron 
metien  and  thus  the  circuit  noise  level.  Thus  thermal  noise 
is  zerc  cnly  at  a  temperature  cf  absolute  zero.  [Bef.  27]. 

The  multitude  and  complexity  of  factors  which  affect 
tackercund  noise  and  8FI  prsclude  further  discussion  of 
their  contribution  tc  system  analysis;  however,  thermal 
noise  cr  the  noise  generated  within  the  communication  system 
warrants  further  study. 

G.  SISTIH  NOISE 

Consider  an  electronic  device  as  shown  in  Figure  2.20 
which  is  being  fed  ty  a  constant  source  with  output  impe¬ 
dance  Zg  that  is  matched  to  the  input  resistance  Zi  n  cf  the 
device.  Assume  the  source  is  at  a  temperature  Tq  Kelvin  and 
that  the  pewer  gain  cf  the  device  is  G.  Thus  it  can  be  seen 
that 


out 


=  Pm 


It  is  well  documented  that  a  resistor  having  impedance  at 
temperature  Tq  generates  a  thermal  noise  voltage  whose 


62 


Electronic 

system 

(gain  =  G) 


figure  2.20  Electronic  Systen  with  Noise  Sources. 

(voltage)  spectral  dersity  level  is  given  by  UkT^Z^  (volts)  2 
per  hert2,  where  k  is  Boltsaann's  constant,  1.379x10*23 
watts/  Kelvin  hertz  (see  Figure  2.21  ).  The  noise  voltage  V 
generated  by  Zj  in  tie  bandwidth  URTqZj  E.  The 

theraal  tcise  voltage  generated  by  the  impedence  Zj  can  be 
viewed  as  an  external  voltage  source  so  that  Figure  2.20  can 
be  viewed  in  terms  of  the  system  shown  in  Figure  2.22  where 
Zs  is  nos  considered  noise-free.  Osing  the  voltage  divider 
principle  it  can  be  seen  that 

V  =  - V  ,  (egn  2.57) 


Figure  2.21  Eesistor  Noise  Voltage  Spectrum. 


Voltage 

(V) 


Electronic 

device 


Figvre  2.22  Mois€  Voltage  Scarce  to  Electronic  System. 


Since  pcwer  is  given  by  the  voltage  squared  divided  by 
resistance  it  can  be  said  that 

2 

Vjn 
Zin 


Pin 


(eqn  2.58) 


and  substituting  Equation  2.57  for  in  Equation  2.58 


P. 


1  n 


Z 


*  -2 

i  n 


^  s  Z  i  n/  Z  ^  n 


tjsing  the  definition  fcr  noise  power,  Ps.  can  be  written  as 


Pin 


Zin 
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Z  s  Z  j  n 


4kToZsB 


'  7  n 


(eqn  2.59) 


lo  achieve  laximum  power  transfer  and  must  be  equal. 


Electronic  system 

Pout=’^T,3G  , 

with  power  gain  G 

Figure  2.23  Systee  Hoise  Power. 


i 


6 
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Setting  =Zj  in  Equation  2.5S  ,  one  obtains 

P.  =  kT  B  (sgr.  2.60) 

in  0 

for  iipecance  matched  conditions.  As  shown  in  Figure  2.23  , 
the  output  noise  power  of  a  device  due  to  its  input  thernal 
noise  is  given  by  the  product  cf  the  device  input  power  and 
the  device  power  gain.  Hence 


Noise  power  output  of  a  device 
kT(jBG  =  in  B  hertz  due  to  the  source  (eqn  2.61) 

thermal  noise  at  Tq. 


The  noise  figure  f  of  a  device  is  defined  as 


Total  output  noise  in  a  bandwidth  S 
h  when  input  source  is  at  1^,=  29  0°  Kelvin 

Output  noise  due  only  to  the  source  in 
bandwidth  B  at  temperature  Tq^zBCPk 


(sgn  2.62) 


Cevice  noise  figure  therefore  is  the  ratio  of  the  total 
output  device  noise  to  the  output  noise  due  to  the  source 
alone,  when  the  input  source  is  at  290®K.  The  total  output 
noise  is  that  noise  due  to  the  input  source  plus  that  due  to 
internally  generated  noise  within  the  device  itself. 
Cenoting  the  internally  generated  noise  power  as 
Fquaticn  2.62  becomes 

F  =  +  Pj  nt  ^  ^  _  .  (ean  2.63) 

k(290°)BG  k(290°)BG 


It  is  readily  apparent  that  F>1  for  all  practical  cases 
since  P.^  =0  only  fcr  an  ideal  noiseless  system.  Noise 
figures  are  usually  expressed  in  decibels  with  typical 
values  fcr  receiver  amplifiers  in  the  range  2-12dB.  Frcm 
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Equaticn  2.63  th®  aBCur.t  of  noise  genaraied  in  a  syst^ni 
giver  by 


=  k[(F-l)290°3BG  . 

Eut  *2500  so  that 

^int  ^  k[(F-l)T^]BG  .  (eqr.  2.64) 

Comparing  Equations  2.60  and  2.64  it  can  be  seen  that  the 
internal  noise  can  he  viewed  as  if  it  were  caused  ty  an 
input  systSB  temperature  (F-l)!^.  This  temperature,  (F-1)Ty 
is  called  the  device  equivalent  temperature  T  so  that 

=  (F-l)T^  .  (egn  2.65) 

Eiample  2.4:  Assume  a  device  has  a  noise  figure  of  3dB. 
Then  E*2  and  the  equivalent  temperature  of  the  device  is 
given  by 

T  =(2-1)  2900K 

eq 

Tgq  =  290OK  . 

Example  2.5:  Assume  a  device  operates  at  an  equivalent 

temperature  then  the  device  noise  figure  can  be 

deteriined  by: 


700=  (P-1)  2900. 


Thus  the  noise  figure  (F)  *  (70/290)+1  =  1.24  or  0.94dE. 
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Ir  icst  cases  an  electronic  device  is  composed  cf  ^ 
series  cr  cascade  cf  devices  each  having  its  owr.  noise 
figure  and  power  gain.  In  order  to  determine  the  total 
noise  power  of  the  system,  the  noise  figure  of  each  stage  cf 
the  cascade  must  te  evaluated.  For  analysis  purposes 
consider  the  cascade  in  Figure  2.24  ;  each  device  has  noise 
figure  (NF)  Fj  and  Fg  and  power  gain  and  Gg  respectively. 
Assume  the  devices  are  impedance  matched  at  their  respective 
input  and  output  terminals.  Then  given  that  P^^^=kTE  and 
from  Eguaticns  2.62  and  2.64 


^0  U  t  1  ~ 


+  p 


inti 


where 


(Fj-1)T,]BG. 


Therefore 


Pout  l=Wo  EGiCl+(F^-1)  ] 


^out 


Now  frcm  Figure  2.24  and  assuming  impedance  matched  condi¬ 
tions,  it  can  be  seen  that  P  =  P.  ,  so  that 

0  u  1 1  1  n  2 


^0  u  t  2 
p 

0  u  t  2 
^0  u  t  2 


Poutl^2  ^  5<t(F2-l)TjBG2 
kT  BG^FjG^  +  k[(F2-l)T^ jBG^  . 
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I 


figure  2.24  Cascade  of  Tvo  Systeos. 

li  Solving  for  the  total  noise  figure  according  to  Equation 

2.62 

kToBGiG2Fi  +  k(F2-l)ToBG2 
F  =  ■■  ■■  ■  -  "■  '  — - 

#  kT  Q BG 1 G  2 


(egn  2.66) 


Fcllcviing  a  similar  apficach,  an  analysis  of  a  system 
containing  several  cascaded  devices  can  be  conducted.  In 
general  a  cascade  of  r  devices  results  in  an  overall  system 
noise  figure  equation  of 


+  — -  +. 


G,  G,G’”*3  , 
12  3  n-1 


(eqn  2.67) 


where  E.  represents  tte  noise  figure  of  the  i^  stage;  3, 
represents  the  gain  cf  the  stage;  and  i=1 ,2,3 , . . .n.  It 
should  be  noted  that  in  Equation  2.67  f.  and  G.  are  nuibers 
(that  is,  net  given  in  dB*s). 
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Example  2.6:  Assume  a  system  is  composed  of  three  roisy 
devices  in  cascade  each  with  the  noise  figures  and  gains 
indicated  in  Figure  2.25  .  The  overall  system  noise  figure 
can  then  te  determined  using  Equation  2.67  so  that 

IT  -  9  +  6.31  -  1  3.16  -  1 
^  ~  100  (100)(1.023) 

F  =  2  +  0.0531  +  0.0211 
F  =  2.0742 

Ccmpaiing  the  resultant  noise  figure  to  the  noise  figure  of 
the  first  stage  alone,  it  can  be  observed  that  had  the 
overall  noise  figure  been  estimated  as  equal  to  the  first 
section  rcise  figure  only,  a  small  error  would  result. 


Figure  2.25  Cascade  of  Three  Hoisy  Devices. 

Examination  cf  Equation  2.67  indicates  thar  each  succes¬ 
sive  stage  cf  a  ca.tcade  device  contributes  less  and  less  to 
the  overall  system  ncise  figure.  Furthermore,  the  first 
stage  ccntribution  is  its  entire  noise  figure  while  the 
ccntrihuticn  of  the  second  is  seme  inverse  proportion  cf  the 
gain  cf  the  first  device.  Therefore,  it  can  be  concluded 
that  whsr  ccnsiderinc  system  ncise  figure,  the  most  imper- 
tant  factors  for  a  cascaded  system  is  the  first  stage  noise 
figure  and  gain  characteristics. 
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E€caas6  thermal  ncise  is  caused  by  the  random  mcticn  of 
electicns  and  systems  cannot  te  operated  to  absolute  zero 
temperature,  every  electronic  device  must  necessarily  have  a 
noise  figure  associated  with  it  that  is  greater  than  unity. 
Consider  a  purely  lossy  or  attenuation  device  such  as  a 
transmission  line,  waveguide  or  cable  at  a  temperature  (T^) 
(Figure  2.26).  let  Lg  be  the  power  loss  factor  of  the 
attenuating  device.  Assuming  a  matched  input  power  source 
is  at  temperature  Tg,  then  the  input  noise  power  tc  the 
attenuator  is  given  ty  Eguaticn  2.60  so  that 

=  kTgB  .  (egn  2.68) 

Ihen  from  Scuaticn  2.61  the  noise  power  out  of  the  attenu¬ 
ator  is 


Pq  U  t  ~  g  ®br  g 


(egn  2.69) 
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Figure  2.26  Bcisy  Attenuator. 

and  since  lg  <  1,  then  ''Pin  that  the  difference  in 
the  pcwer  levels  must  be  the  noise  power  dissipated  ty  the 
attenuator  and  therefore  is  the  internal  noise  power  gener¬ 
ated  ty  the  device.  It  can  then  be  seen  that  for  any  lossy 
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device 


P  =  p  +  p 

in  out  1 n  t 


(egn  2.70) 


so  that  the  internal  noise  power  can  be  determined  from 


P.  =E.  -P 
1  n  t  in  out 

Substitution  of  Equations  2.68  and  2.69  into  Equation  2.70 
results  in 

P-nt  =  KTgB  -  kTgBLg  .  (sqn  2.71) 

Kow  to  determine  the  noise  figure  of  the  lossy  device 
Equation  2.71  can  be  substituted  into  Equation  2.63  thus 

kTgBd  -  Lg) 

p  =  1  +  - U - 2— 

kT^BLg 


or 

1  T 

F  =  1  - - 1  —  .  («qn  2.72) 

Lg  Tg 

It  can  le  concluded  that  wten  the  input  source  to  a  lossy 
device  is  at  then  the  noise  figure  of  that  lossy  device 

is  given  as 


(eqn  2.73) 
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Att9Euating  devices  such  as  waveguides,  cables  and 
transfflissicn  lines  are  grossly  specified  in  terms  cf  their 
power  less  per  unit  length,  such  as  for  example  0.1 dE  per 
meter.  Ihus  an  attenuating  device's  noise  figure  changes  as 
its  length  is  altered. 

Example  2.7:  Determine  the  noise  figure  of  a  SOmeter 
long  coaxial  cable  having  a  O.ldB/meter  loss  at  a  tempera¬ 
ture  cf  350  OR. 


(Ig)  dB  =  (SOmeners)  X  (0.  IdB/meter)  =  5dB. 


Ihus  the  total  cable  less  of  5dB  translates  to  L  =0.316  sc 

g 


F  =  1  ♦  C  (Vlg)-I  ]Tg/T, 

F  =  1  ♦  C(1/.  316)  -  1  3(350/290) 

F  =  3.61  or  5.5  dfi  . 


Shat  is  the  noise  figure  if  10 meters  are  cut  from  the  cable? 
It  is  readily  apparent  that  the  loss  of  the  cable  is  new  4dB 
which  represents  an  Lg  of  0.398  and  therefore 

F  =  1  ♦  C(1/.  398)  -  1  3(350/290) 

F  =  2,2 


cr  eguivalently 


F  =  3.4  dB. 
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Antenna 


Figure  2,27  Receiver  Systea  Front-Erd  Block  Diagras. 


Ey  applying  the  underlying  concepts  of  Equations  2.67 
and  2.73  ,  the  overall  noise  figure  of  a  systea  composed  of 
a  cascade  cf  amplifiers  and  attenuators  can  be  obtained. 

Example  2.8:  Given  a  receiver  front-end  block  diagram 
in  Figure  2.27  for  which  the  maximum  acceptable  system  noise 
figure  is  10dB,  the  maximum  allowable  length  of  the  wave¬ 
guide  can  be  determined. 


F  =  F  + 

Total  preamp 


u  i  d  e 


-  1 


amp 


-  1 


'preamp 


1  /  Ig  -  1  6.32 

F  =  1.26  +  - -  + 


’preamp  ^guide 
1 


100 


100 


^  Total  = 

10  *  (1.26)  +  (1/IOOLg)  -  (1/100)  ♦  (5.3/100Lg) 
6.75  »  (6.3/100Lg) 

Lg  »  6.3/875  =  . 


00721 


r 

Cable 

Amplifier 

I 

Loss  =  Lg 

Noise  Figur6=Fa 

SNR 

Temp  = 

Gain  =  G^ 

i 

Figore  2.28  Becelver  Front>Eiid. 


Thus 


Lg  =  -21.42  as 


so  that 


-21.42  dB 

length  of  guide.  =  .q,i  dV'meter  =  meters. 


Iherefors,  the  naxinm  length  the  waveguide  can  be  such  that 
the  cvexall  system  noise  figure  will  not  exceed  lOdE  is 
2l4.2m€ters . 

As  lentioned  in  the  previous  section,  one  cf  the 
perfcinance  criteria  used  to  evaluate  performance  cf  elec¬ 
tronic  systems  is  their  output  signal  to  niose  ratio  (SNE)  . 
Ihe  SHE  ccupares  the  desired  information  signal  power  to  the 
internal  ncise  power  level.  A  simple  expression  for  SNH  is 
developed  through  use  of  an  example,  as  illustrated  in 
Figure  2.28  .  Assume  the  received  carrier  power  is  F^  ,  the 
cable  ccnnecting  the  antenna  tc  the  amplifier  has  a  less 
factor  Lg  and  is  at  Tq  Kelvin.  The  amplifier  has  a  noise 
figure  Fa  and  a  gain  cf  Gj.  The  overall  system  noise  figure 
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P  is  deternined  to  t€  (Fj/Lg)  from  Equations  2.67  and  2.73. 
Pquaticn  2.63  indicated  that 


F  =  1  +  - 

kToBLgGa 

It  can  t€  seen  that  the  output  noise  power  frcin  the 

systea  is  given  by 


Pint=C  (Fa/^)*1  ]KToBLgGa. 

If  the  signal  or  carrier  input  power  to  the  system  is  , 
the  cctpnt  signal  power  from  the  system  is  given  by  Ig  . 
Ihus 


SNR 


PrLg(^ 

[(F^/Lg)-.  l]kT,BI^G^ 


cr 


Pr 

SNR  =  — - ; — ^ -  • 

[(Fa/I^)  -  l]k%B 

Eecogrizing  that  Fj/Lg  is  "the  overall  system  noise  figure  in 
the  example,  a  generalized  system  SNR  can  now  be  stated  as 

Pr 

SNR  =  -  .  (eqn  2.74) 

(F  -  DkTj,  B 
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B.  HlCECBiVE  fiEUT  SISTEH  AHil?SIS 

In  1S47,  the  Bell  Telephone  System  placed  the  first 
micrceave  carrier  system  in  operation.  Microwave  systems 
utilise  line-of-sight  transmission;  therefore,  the  system 
transmitters  and  receivers  must  be  situated  such  that  they 
can  "see”  each  other  along  the  curvature  of  the  earth.  This 
is  acccmplished  fcy  mounting  the  systems'  antennas  on  towers 
high  above  ground.  fcr  economic  reasons,  towers  of  approxi¬ 
mately  ICOfeet  are  ccmmonly  used.  Thus  the  maximum  distance 
between  each  tower  can  be  determined  by  Equation  2.38  .  The 
analysis  of  a  microwave  system  is  initially  approached  via 
the  use  of  the  power  budget  equation.  A  more  practical 
approach  that  accounts  for  construction  limitations  is  then 
analysed . 

•  Theoretical  Arnroach 

Assume  a  signal  must  be  transmitted  over  seme 
distance  which  is  beyond  line-of-sight.  In  this  case  an 
intermediary  relay  must  be  installed  as  shown  in  Figure 
2.29.  Also  assume  that  the  relays  are  equally  spaced  at 
some  Ac  interval  and  each  has  a  power  amplifier  with  a 
gain  cf  A.  That  is  for  any  given  ralay, 
equivalently 


•'■out'”  '  •  l‘l«- 

Disregarding  noise,  assume  each  transmit  and  receive  antenna 
has  a  gain  of  and  respectively.  Also  assume  all 
losses  except  propagation  path  less  are  combined  in  ens  term 
labled  l.  Then  refering  to  Figure  2.29 

®  n  ^dB  ^ 
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Transmitter 


Relay 


Relay 


Receiver 


figure  2.29  Hicrouave  Belay  System. 


(Erl)« 

=  (Ein)dB 

MA)dB 

♦(I*p)dB 

♦(Gt)dB 

♦  {Gr)dB 

^  ^  r  2  )<£ 

~  l^rl)(£ 

MA)dB 

♦(DdB 

♦(Gt)dB 

(Gr)dB 

<fr3)dB 

MA)^ 

MGr)<e 

Subs'tituting  intc  successive  equations  it  can  be  seen 
that 

<fr3)dB  *(Pin)dB  *  (L)  ^  MLg  )  ^  ♦  ( G,  )  ^  +  {  G,  )  ^  ]. 

Again  referring  to  figure  2.29  it  can  be  demonstrated  that 
if  a  ccmBunicaticn  link  over  a  distanct  is  broken  into  n 
equal  sections  of  distance  AD  then  the  number  of  repeaters 
which  will  be  installed  is  c-1.  Therefore  the  power 
received  by  the  n®’  receiving  antenna  is  given  by 

''rn>«  *<■■>*  .(G,)^  mg,)*  1. 
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was  previously  defined  by 


c 

47rDf 


2 


and  in  Figure  2.29  D  is  the  distance  related  to  the  path 
loss  tetween  each  relay.  Therefore  for  each  Lp  factcr  in 
the  eguaticn  for  P^n 

•  r  ^ 

L  =  - : — 

P  4irADf 


Since  Lj. /n  =  AD,  then  fcr  this  analysis  of  the  systen 
depicted  in  Figure  2.29, 


r  nc  1  ^ 

_  4irr^f  J 


Therefore  any  microwave  relay  system  can  be  analyzed  in 
terms  of  the  power  received  at  the  receiver  site  antenna 
where  the  received  power  is  given  by 

nc 

(P^„)  =  n[A  +  L  +  201og-5^  +  G^+  G^]  +  (P^„)  (eqn  2.75) 

<fi  j  cB 

and  all  factors  are  dE  values. 

Example  2.9;  The  one  link  system.  Suppose  that 
L=3dE;  a=20dB;  P  =1watt;  G  +6  *40dB  ;  distance  =100Km;  and 

in  t  r 

f*10GHz;  the  power  received  can  be  determined  from  Equation 
2.75  where  n=1  fcr  this  case.  First,  however,  (1^)  dB  is 
determined  from  Equation  2i 36  so  that 


lp=  (-32. 44) -20  aog100)-20  (loglO) 


-152.44  dB 


I 


ti 


Ihec  frcic  Ecuaticn  2.15 

=  (20dE-3dB- 152.44dB+40dB)  +  OdBW  ; 

Pri  =  -95.44  dBM  . 

Example  2.10:  Iha  two  link  system.  Given  the  same  < 

values  of  the  previous  example  with  the  exception  that  a  two 
link  system  over  a  ICC  km  distance  results  in  a  distance  of 
50Km  between  any  transmix-receive  antenna  pair.  The  propa¬ 
gation  path  loss  factor  (Lp )  is  now  reduced  to  < 

Ip  s  -32.44  -  2Cloq(50)  -  201og(10)  =  -146.42dE. 


Then 


E^2  =  20dB  -3dB  -146.42dB  ♦  40dB  =  -89.42dBW 


and 


Fr2  =  (20dfl  -3dB  -146.42dB  +  40  dB)  -  89.  42dBH 
(t^)  dB  *  -178.84  dBW. 


If  a  system  is  to 
and  a  linimum  level  of 
known,  the  minimum  number 
using  Equation  2.75  . 


be  installed  over  a  given  distance 
received  power  is  necessary  and 
of  relays  needed  can  be  determined 
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4 


1 

I 


_ i 


>“15<3B 


Exaaple  2.  1  1: 
A=30dE;  l=3aB;  f=1GH2; 
numl:€r  of  rslays  needed 


Assume 
Gt  +G  r=90dB; 
is  determined 


D=100Km. 

from 


Pi  n  =  1  vfa  tt ; 
The  miniaum 


n[30  -  3  +  2  01OO  (nc/47rfD)  +  90  ]  +  0 
-15dB  =  nC-15.4«  ♦  201og(n)]dB. 


Scluticn  of  this  ncnlinear  equa-cion  in  n  is  best  acccm- 
plished  ty  trial  and  error  method,  so  that  for  this  example 
n  car.  te  determined  from  Table  II.  clearly  Table  II  indi¬ 
cates  that  the  minimum  number  of  microwave  links  is  4. 
Therefore,  two  relay  towers  should  be  installed  between  the 
transsitter  and  receiver  in  this  microwave  system. 


TIBLr  II 

Solution  to  Example  2.11 


n 

D  (Kn) 

P  (dB) 

1 

100.0 

-15.44 

2 

50.0 

-18.84 

3 

33.3 

-17.70 

4 

25,0 

-13.60 

2 •  JiPFlications  Approach 


A  mere  realistic 
transiissicn  distance  is 
links  is  required.  The 
level  recuirements  at  the 


problem  is 
known  and 
problem  is 
receiver. 


one  in  which  the  total 
a  specified  number  of 
to  determine  the  power 
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Example  2.12:  Assume  that  is  Iwatt ;  A  =  30dB; 

l=3dE;  “90dB;  f=lGHZ;  distance  of  entire  sjstrt  is 

SOOKa;  and  10  links  are  to  be  used.  The  miniaum  received 
power  level  can  be  determined  to  be 

P,,=  n[A+L+lg*G,+G^]  +  P^„. 

First 

lp=  -32. 44dB  -2Clog  (500/10)  -201cg(10)  =  126.42dB. 

Then 

^0C30dE  -3dB  -126.42dB  +  90dB]  +  OdEW 

Kn  =  -9«.2dBH. 
r  n 

Ncttally,  technical  considerations  dictate  the 
minimuin  discernable  signal  level  required  at  the  input  of  a 
receiver.  Thus  Equation  2.75  can  be  used  tc  determine  the 
required  input  signal  power.  In  addition,  the  Federal 
Communicaticn  Commission  (FCC)  or  other  regulatory  agencies 
may  limit  transmitter  power  and  operating  frequencies; 
therefore  Equation  2.75  can  be  used  to  determine  total 
antenna  gain  parameters.  Assuming  the  carrier  frequency  and 
the  number  of  relays  are  determined  prior  to  system  design, 
with  regard  to  the  variables  in  Equation  2.75,  only  the  less 
factors  can  be  considered  physical  properties  which  the 
system  designer  can  net  alter. 
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3  •  Kicrowa  vs  System  Si  qr.al-to-Noise  Ratio 

As  nentioned  in  earlier  segments  of  this  chapter, 
system  signal-t o-noise  ratio  is  the  predominant  paramstsr  by 
which  a  system's  performance  is  evaluated.  It  is  necessary 
then  that  seme  effort  be  made  to  develop  an  understandable 
approach  to  the  determination  of  SNE  for  the  microwave  relay 
system. 


Figure  2.30  Hulti-link  Hicrowave  System. 

Assume  a  microwave  relay  system  consists  of  n  links 
of  equal  distance  as  illustrated  in  Figure  2.30  .  Further 
assume  that  similar  components  are  used  for  each  link  such 
That  the  losses  from  propagation,  atmospheric  conditions 
(i.e.  rain  or  suspended  particulate  matter),  and  coupling 
can  be  "lumped"  together  into  an  aggregate  gain  term  G. 
Also,  if  the  noise  figure  and  gain  of  the  amplifier  are 
known  and  denoted  F,  and  A  respecrively ,  then  Fiaure  2.30 
can  be  viewed  as  being  represented  by  Figure  2.31  .  Let  the 
output  pewer  of  link  1  he  denoted  ^  such  that 

Pouti  =Esi  ♦Pm 
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■  out 


figure  2.31  Siaplified  lSalti*link  System. 


where  is  the 
roise  power  out. 
giver  by: 


signal  power  cut  of  Link  1  and 
Tten  the  signal  power  oat  of 


P„i  is  the 
Link  1  is 


Psl  =Fi„  AG 

where  P.  ^  is  the  signal  power  input  to  Link  1  and  the  noise 
power  cutput  of  Link  1  is 

1  n  t  ^ 

where  P^  ^  ^  is  the  ncise  power  generated  by  the  amplifier, 
from  Equation  2.64  it  has  been  determined  rhat 


P.  *  (F  -1)  kT  BA 

1  n  t  a  0 


so  that 


P  ,  =  {  F  -  1)  kT  BAG. 


Therefore  the  signal-to-noise  ratio  for  the  first  lir.k  of 
the  system  is 


Esl/Pnl 

SNEj*  AG/(Fg-1)  kToBAG 


SNRj  = 


M  n 


(Fa- 


1  )kT^B 


(egn  2.76) 


It  can  fce  readily  seen  that  in  Figure  2.31  the 
output  cf  Link  1  is  the  input  to  Link  2  and  consists  of  bcth 
signal  (Eji)  and  noise  (Pnj)  .  The  output  of  Link  2  will  be 
an  airplificaticn  of  toth  signal  and  noise  plus  some  addi¬ 
tional  ECise  generated  in  the  link  2  amplifier.  The  signal 
power  cut  of  Link  2  is 


P32  AG 


tut 


SO 


P32=P^„(AG)2 


The  Dcise  pcwsr  cut  cf  Link  2  is 


E^=(P^^AG)M^^G) 
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tut 


and 


1)  kl^BAS. 


Thus 


Pn2  =  (^a  (iG)^  ♦  (Fa-l)kToBAG 


cr 


V  (AG)  2+  (AG)  ]  . 

Therefor?  the  signaJ-tc-noise  ratio  at  the  output  side  of 
Link  2  is  given  hy 


SNR  2  =  Ps2/Pn2 

SNR  2=  (J‘G)2/(F3  -nkTgO  [(AG)  2+ (AG)]  . 


It  can  he  shown  then  that  by  applying  Eguatior.  2.76  the 
systeii  SNR  at  the  end  of  two  licks  is  given  by 

SNB2*  SNR  ^|l/C  1+(AG)  »  ]| 
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where  SNE ^  is  the  sicnal-tc-naise  ratio  of 
Ccntiruirg  in  like  raar.ner 


fs3=Ps2‘AS>  =f3l(lG)2  =p^^(AG)3 


the  first  lick. 


and 


Pn3= 


cr 


♦  (Fa -1)  kTo  E  ( AG)  2  ♦  (F^  -  1)  kT^  E  ( AG)  . 


Ihas 


SNB3=  P33/P^ 

SNEj®  P,„(AG)  3/(Fa-1)kTgB[  (AG)  3  ♦  (AG)  2  +(AG)] 


which  sioflifies  to 


SNEj  =SMSi 


1/C1*(AG)  »♦  (AG)  2  ] 


where  SNE^^  is  the  siqnal-t c-ncise  ratio  of  the  first  relay 
link.  lo  determine  the  signal'to*noise  ratio  of  an  n  link 
Bicrcwave  relay  system,  the  following  eqaation  applies 

SNK  =  SNR  — i;j - ^ -  .  (eqn  2.77) 

2  (AG)^’*' 
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Since 


from  the  well-kncwn  closed  foxu  sum  for  a  geometric  series# 
ramelj: 


M-l 


/ 


M 


for  X  f  1 


for  X  =  1 


Hquaticn  2.77  can  te  expressed  accordingly  so  that  the 
overall  SNE  at  any  given  receiver  within  nhe  system  can  be 
deteiirined  from 


SNR 

n 


for  AG  3^  1 


for  AG  =  1 


and 


S5Ei=  P,„/C(F,-1)kT,  B] 


where  Ej  is  the  noise  figure  atd  A  is  rhe  gain  of  the  ampli¬ 
fier  used  in  the  link,  p.  ^  is  the  signal  input  power  tc  the 
transmitter,  and  G  is  the  aggregate  gains  and  losses  from 
the  transmitter  amplifier  output  to  the  receiver  portion  of 
a  single  link. 
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Exanple  2.13:  Assune  a  UOOKm  microwave  sysrern 

consists  cf  seven  relay  tcwers  squally  spaced  between  a 
transBitting  and  receiving  station.  The  power  amplifiers  in 
the  system  each  have  a  60dB  noise  figure  and  a  gain  cf  60dB 
within  a  lOMHz  bandwidth.  The  signal  power  into  the  system 
is  1watt  and  each  antenna  has  25dB  gain.  Assume  coupling 
and  atmospheric  attenuation  account  for  a  combined  loss  of  3 
dB  per  link.  The  SUB  after  the  first  link  is  easily  deter¬ 
mined.  If  the  carrier  frequency  is  centered  at  1000MHz  then 
using  the  propagation  loss  equation  (2.35)  ,  the  propagation 
loss  per  link  is  found  to  be  -130. 6dB.  Thus  the  aggregate 
loss  tetween  the  output  side  cf  any  of  the  power  amps  and 
the  ftcnt-end  of  the  subsequent  receiver  is  -54dB.  Thus 

£NB^=  1/C  (10®-1)  (1.379x10"^)  (290)  (10^)  ]  =  2.5x10^ 

SNRj  =  74dB. 

Eecall  that  fcr  the  SUP  equation  all  dB  values  must 
he  charged  to  their  respective  ratio  values.  Then  the  SNP 
for  the  system  at  the  second  link  can  be  determined  frcm 

SNB2=  2.5x10^  {  1/C  1+(AG)‘^]j  . 

The  gain  cf  all  amplifiers  is  60dB  so  that  A=10®  and  the 
aggregate  gain (less)  cf  the  transmission  channel  is  -54dB  or 
G=4.4x10"®.  Thus  the  total  value  for  (AG)  is  4.4. 
Therefore , 

SNH^*  2.5x10^(1/1.23)  =  2x10^ 
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so  that  the  SNR  after  the  second  link  is  73dB.  Firaily  at 
the  end  of  the  eighth  link  the  system  SNR  is  found  by  use  of 
the  equivalent  closed  form  sum  value  so  that 

(^1 

m 

SNRg  =  2.5x10^  [  1  -  0.000007  ] 

SNRg  =  1.9x10^ 

Thus  the  overall  system  SNR  at  the  end  of  the  total  link  is 
72.8dE. 

Ss  can  fce  easily  observed  from  both  Equation  2.74 
and  the  previous  example,  the  microwave  relay  system 
signal-tc-ncise  ratio  is  dominated  by  the  signal-to-noise 
ratio  of  the  first  link.  Therefore,  careful  consideration 
cf  the  transmitter’s  power  amplifier  noise  characteristics 
tust  be  made  when  designing  or  specifying  contractually  a 
microwave  system. 


III.  TSANSMISSION  LINES 


It  siould  be  of  no  surprise  that  the  transmission  line 
vas  the  first  communication  channel  used  for  electronic 
communications  CB«f.  28].  Transmission  lines  formed  the 
infrastructure  cf  tte  American  Telephone  and  Telegraph 
sysxeit  ard  until  the  latter  part  of  this  century  were  the 
cnly  means  of  establishing  transoceanic  communication 
networks.  Transmission  lines  are  generally  grouped  into 
several  classes  according  to  their 'cross-sectional  geometry. 
The  principal  classes  are:  (1)  balanced  open-wire  lines; 
(2)  coaxial  lines;  and  (3)  strip  lines.  However,  all  of 
these  ccnsist  of  a  pair  of  parallel  wires  and  therefore  have 
certain  properties  in  common  which  allows  a  generalized 
analysis. 

An  essential  characteristic  of  all  transmission  lines  is 
that  their  cross-sectional  shape,  dimensions,  and  electrical 
properties  (e.  g.,  ccrductivity  cf  the  wires  and  dielectric 
constant  cf  the  interccnducter  medium)  are  constant  along 
the  length  cf  the  line.  This  property,  known  as  uniformity, 
is  characteristic  of  transmission  linas  in  general  and  is 
the  basis  fcr  subsequent  transmission  line  analysis  results. 
Furthermcre,  a  trarsmissicn  line  is  considered  as  passive 
and  therefore  is  a  ”lcssy''  or  attenuating  device.  Because 
cf  line  uniformity,  transmission  lines  are  grossly  specified 
in  terms  cf  their  power  loss  per  unit  length.  This  power 
loss  cr  attenuation  per  unit  length  is  denoted  by  a  and 
normally  stated  in  dE's.  Given  the  general  communication 
system  illustrated  in  Figure  3.1  the  total  transmission  line 
attenuation  (L)  in  decibels  is  determined  by  multiplying  the 
line  attenvation  factor  (a)  by  the  total  length  of  ths  line 
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Pure  noisy 

input  output 

signal  signal 


Figure  3.1  Transnlssion  Line  CoeBunication  Channel. 
(D)  ,  SO  that 


=  a  D  .  («qn  3.1) 

u  6 

Unlike  the  study  cf  antenna  systems  which  focuses  on  the 
decreasing  field  density  of  an  expanding  electrcmagnetic 

wave  which  must  therefore  consider  external  signals  cr  noise 

•  • 

sources  as  potential  degradation  factors  affecting  system 
performance,  analysis  cf  the  transmission  line  can  generally 
ignore  cctside  signal  sources  since  the  communication  signal 
is  confined  to  the  transmission  line  as  well  as  protected 
from  general  interference  from  external  signals.  The 

signal-to-ncise  ratio  criteria  used  to  evaluate  system 
perfctmance  can  then  ignore  all  but  thermal  noise  generated 
fcy  the  random  molecular  motion  within  the  transmission  line 
component  materials  as  discussed  in  Chapter  2. 

Contrasted  with  the  previous  chapter  which  first  devel¬ 
oped  a  detailed  study  of  antenna  system  parameters  and 
culminated  in  a  fcroac  analysis  cf  a  microwave  relay  system, 
this  chapter  begins  with  a  generalized  analysis  of  various 
transmission  line  configurations  followed  by  the  details  cf 
the  line  characteristics. 
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1.  G£M£E11  STSTEH  &BUYSIS 


Ike  simplest  tracsiniss icn  line  system  is  one  ccirpcse3 
solely  cf  a  two  wire  conductor  placed  between  the  trans¬ 
mitter  and  receiver  sections  cf  a  communication  system  as  in 
Figure  3.1  Assuming  the  unit  length  attenuation  factor  (a) 
cf  the  transmission  line  is  kncwn»  the  total  attenuation  of 
the  line  is  determined  by  Equation  3.1  It  is  known  that  the 
ratio  of  system  power  output  tc  system  power  input  descrikes 
the  system's  overall  cain  or  loss.  Using  Figure  3.2  it  can 
ke  seen  that 

p 

■  "  =  Loss  (egn  3.2) 

n 

where  the  less  (L)  in  dB's  is  given  by  =  a  D.  But  the 
power  cut-tc-power  in  ratio  is  not  a  dB  figure;  thus  1  must 
ke  converted  from  dB  notation  such  that: 

L  =  .  (eqn  3.3) 


Figexe  3.2  Simple  Transmission  Line  system. 

It  should  be  noted  that  L  represents  a  loss  and  must  there¬ 
fore  ke  less  than  1.  For  this  t'-  hold  in  Equation  3.3  it 
must  ke  realized  that  the  a  term  is  negative. 
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As  discussed  in  Section  F  of  Chapter  2,  a  sYSzez's 
signal-tc-ncise  ratic  (SNR)  is  an  important  criterion  in  the 
evaluation  of  a  system's  performance.  Since  nhermal  or 
internal  noise  is  considered  tbe  only  source  of  noise  which 
affects  signals  cn  a  transmission  line,  the  system  SNR  is 
given  by 

power  of  signal  out 
power  of  internal  noise 


From  Fguaticn  3, 2  it  can  be  determined  that 

P  =  P.  L  (egn  3.4) 

out  in 

and  ficm  Section  G  of  Chapter  2  the  noise  power  or  internal 
noise  cf  a  lossy  device  is  given  by 

P.n,  =  (t  - 

Therefore,  by  substituting  Equations  3.4  and  3.5  intc  the 
equation  fcr  SNR  and  cancelling  the  loss  factor  which 
appears  in  both  the  numerator  and  denominator  it  can  be  seen 
that ; 

p 

SNR  =  -  . 

(x  -  O’"’’”® 

Example  3.1;  Assume  a  simple  transmission  system 
consists  cf  a  10km  cable  which  has  a  loss  factor  of  1  dE  per 
km.  If  a  Imicrowatt  information  signal  with  a  lOOKHz  band¬ 
width  is  placed  on  the  transmission  line,  the  system  SNR  can 
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te  detcriringQ  by  applying  Equation  3.6  resulting  in 


SNR  = 


10 


-6 


(10  -  1)(1.379x10-23)(290)(105) 


=  2.778x10' 


Since  SNE's  are  usually  specified  in  decibels,  fcr  this 
example  SNS  -  84.4  dE. 

Eith  the  exception  cf  short  distance  nstworhs  such  as 
inter-cffice  or  intra-building  systems,  transmission  line 
systeis  consisting  sclely  of  a  two  wire  line  exhibit  severe 
signal  attenuation.  If  severe  attenuation  occurs,  satisfac¬ 
tory  systeit  operaticn  requires  the  use  of  extremely  high 
transmitter  power  anc/or  extremely  sensitive  receivers.  An 
alternate  approach  tc  the  problem  of  high  attenuation  is  to 
insert  an  amplifier  some  distance  along  the  line  as  illus- 


Transmission  line 


AmD 


Transmission  line 


Eigure  3.3  Cable  Hodel  with  Single  Amplifier. 

trated  ir  Figure  3.3  .  To  evaluate  system  performance,  the 
overall  SNE  must  be  determined.  if  noise  effects  are  not 
considered,  then  the  placemect  of  the  amplifier  is  of  no 
consequence.  Assume  the  transmission  line  in  Figure  3.3  has 
an  attenuation  factor  o,  distances  Dj^  and  D2  equal  the  total 
transmissicr  line  system  distance  D,  and  the  amplifier  has 
gain  A.  letting  and  L2  represent  the  loss  of  the  lines 
cf  length  and  D2  respectively.  Equation  3.3  indicates 
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that 


=  10 


0.1  a  D 


L2  = 


From  ths  definitior.  cf  gain/loss  it  can  be  shown  that 


L,  = 


^  u  1 1 


1  R 


where  and  ^  are  the  input  and  output  power  levels, 

respect! velj,  of  the  first  line  segment  and 


u  1 2 

L2  =  pT-- 
n  2 


where  F^n  2  ^out  2  input  and  ourpur  power  levels, 
respectively,  of  the  second  segment  of  line.  Referring  to 
Figure  3.3  it  can  be  seen  that  the  output  of  the  first 
trar  emission  line  is  the  input  to  the  amplifier. 
Cesigrating  the  amplifier's  input  and  output  powers  and  ^ 
respectively,  it  should  be  realized  that 


F,  =  F.  ,  L. 

1  in  1  i 


^2  = 


P.  A  =  P.  LA 

1  1  n  1 


since  tl:e  input  to  tbe  second  line  is  also  the  output  of  the 
asplifier,  the  output  of  the  second  portion  of  the  transmis¬ 
sion  line  is 


^out2  “  ^2  *  ^1n  ^1*  ^2 


so  that  the  system  output  pcwei  is 


^out*  ^1^2* 


Substituting  for  and 


=  Pl„  A  io-o-i«D.icr«-i»»a 


or 


*^o  u  t 


P,„  A  lO-"-"-"*.*”!’ 


Now  since  Dj  ^  C  (the  total  transmission  line  distance) 

it  can  he  seen  that 

E  »  E,  A 
out  in 

where  represents  the  total  loss  of  the  transmission 

line.  This  then  prciies  that  the  placement  of  the  amplifier 
is  net  a  factor  in  determining  the  signal  power  output  of  a 
transmission  line  system  sc  long  as  internally  generated 
noise  is  ignored.  Indeed,  when  determining  the  signal  power 
output  of  a  system  fer  application  toward  calculation  of  the 
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systca's  SUB,  Irterxally  ganaxated  ncise  is  not  used  in  the 
analysis.  Ihe  problso  than  is  to  determina  the  output  power 
c£  the  system  noise  in  ordez  tc  derive  the  output  SiiB. 

Assuie  the  noise  figure  of  tha  amplifier  in  Figure  3.3 
is  given  as  F,.  Using  the  principles  devaloped  in  Section  G 
of  Chapter  2,  the  noise  figure  F  of  the  one  amplifier  trans- 
■issicn  line  system  is  determined  to  be 


or 


F 


F^L,A  ~  Lg  1 
LjL2A 


(egn  3.7) 


Applying  Equation  3.7  to  Equation  2.7tt  it  can  be  deter  mined 
that  the  SMB  for  the  cne  amplifier  system  is  given  by 


SNR 


_ Pi  n  L^LgA _ ‘ 

(F,  L2A  -  L2+  1  -  LiL2A))cT(,B 


(egn  3.8) 


A  slightly  different  approach  to  the  preceding  analysis 
is  tc  deteraine  the  tctal  system  output  noise  power  by  eval¬ 
uating  the  noise  contribution  of  each  stage  of  the  system. 
From  the  discussions  cn  system  noise  it  is  apparent  that  the 
noise  output  of  the  first  transmission  line  segment  (Ppi)  is 
given  by 


’"1  ”  (li 


l)kTgBL 


This  rcise  is  amplified  by  the  amplifier  which  alsc  gener¬ 
ates  additicnal  internal  noise.  Thus  the  total  noise  pcwer 


at  the  output  of  the  aKpllfiez  (designated  Pp2)  is 

Siailazl}  this  noise  power  is  nultiplied  by  the  final  stage 
loss  I2  and  added  to  the  theraal  noise  cf  the  last  stage. 
Therefore  the  total  system  noise  power  is 

Pnoise=  l)kT„BLiAl2+  (F,  -  DkT.BAl^  +  -  nkT^BI^ 

which  siiplifies  to 


fno1se=  -  I.1I-2A  -  L2  ♦  1)  ltT„  B  . 

If  the  input  signal  power  is  then  the  output  power  due  to 
the  signal  only  is  L^L2&<  Therefore,  the  system  SNB  is 

R  „  L,L,A 

SNR  =  - ■---  - - ; -  .  (egn  3.9) 

(F3L2A  -  L1L2A  -  I2  +  DkTqB 

Clearly  Eguations  3.€  and  3.9  are  identical.  As  a  result, 
the  SUB  cf  subsequent  systems  analysis  can  be  developed  by 
concentrating  on  the  cverall  system  noise  figure. 

Eiample  3.2:  Assume  a  transmission  line  system  is  to  be 
designed  such  that  cnly  one  amplifier  is  to  be  inserted  in 
the  line.  Coaxial  cable  with  an  attenuation  factor  cf  0. 2dB 
per  kilcieter  is  to  be  employed  to  connect  a  transmitter  and 
receiver  which  are  ICCkm  apart.  If  the  transmitter  provides 
a  mHz  signal  at  -lOBdBN,  the  minimum  acceptable  SMB  is  30dB 
for  signal  detection,  and  the  amplifier  has  70d6  gain  and  a 
noise  figure  of  4dB,  the  placement  of  the  amplifier  can  be 


detemincd.  Eguatici  3.9  can  ba  used  to  quickly  solve  this 
probles.  First  it  must  be  recognized  that  the  product  of 
(L^ )  and  (L2  )  is  total  transmission  line  less  and  is 
20dB.  The  »trick"  is  to  isolate  in  Equation  3.9  then 
solve  fer  the  lenght  of  line  which  yields  that  particular 
loss.  letting  L2  *L  or  total  loss,  it  can  be  seen  .from 
Equation  3.9  that: 


Fa  L2A  -  L2  = 


(SNR)JcToB 


+  LA  -  1 


so  that 


R  LA 
1  n 

(SNR)kToB 


+  LA  -  1 


Fa  A  -  1 


Becalling  that  the  variables  in  Equation  3.9  are  ratio 
values  and  not  dS  figures,  then  substituting  the  values  from 
the  ezample  into  this  equation  yields: 


L  ,  (io“-^(io'S(io') _ ,  (iqS)  .  1  f - 1 - 

^  ( 10^(1. 379xicr^)(  290 )(1C^)  (10°*VlO^)  -  1 


L^  =  5.38x10 


Therefore,  in  dB  notation,  l2®-'*2.7dB.  Now  since  (1*2)^  =  ax 
where  x  is  the  length  of  the  transmission  line  from  the 
amplifier  to  the  receiver  and  a  is  -0.2dB/Km,  then  the 
lenght  of  the  lire  is  63.5Km.  Therefore,  it  can  be  realized 
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that  the  aiplifler  auet  be  ineexted  no  closet  than  36.SKb  to 
the  txanszitter. 

Fez  long  distance  coasanicatlons  via  transsissiox  lines, 
cne  asplilier  inserted  into  the  line  vill  not  ovezeose  the 
losses  ixhezent  in  the  line  itself.  To  solve  this  prohles, 
aultiple  asplifiers  are  inserted  so  that  the  typical  Icng 
distance  tzanssissics  system  resembles  Figure  3.4  .  in 


M  sections 
over 

D  distance 


figure  3.4  cable  Hodel  with  Bultiple  Amplifiers. 

erder  to  evaluate  the  cverall  system  output  SHE,  the  noise 
figure  icst  be  calculated.  This  is  most  conveniently  dene 
by  censidering  the  line  as  a  cascade  of  individual  sections, 
each  consisting  of  an  attenuating  section  of  line  feeding  an 
amplifiez  having  a  specified  noise  figure. 

Consider  the  cable  model  of  Figure  3.4  containing  M 
identical  amplifiers  placed  equidistant  from  each  ether 
along  a  line  of  length  0.  The  cable  can  be  viewed  as  having 
H  identical  sections  each  of  length  D/B,  and  eacn  coaposed 
of  an  attenuating  line  of  loss  L  and  an  amplifier  of  gain  A 
and  ncise  figure  F, .  From  Equation  2.67  the  overall  system 
noise  figure  is 

i-  I  ^  -  i 

1  ^-1  ^-1  ^-1  h 

Lj  Lj  LjA  tjA  LjA  L^A  L^A  L^A 

tft  sttit  2nd  stiji  3rd  staff  dth  stage 
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this  can  be  written  as 


n  1  I  ,  F.  i 


F.  1 


h  *  ml  ^  mill  ^  ml .  m^-i , . ~  ^ 

_  _  ^  -i  ^  ^  A  ♦  ■■■■  +  ■  ^ - 


L,  n.A  L.A 


'l.^  "1”  "1“  .  ^ 

^ "  ■V  ' 

12  3 


cr 


—  +  -Y  r '  + 

Lj  LiA  LiA^ 


F  =  —  +  — 


.M  -  1  jM  -  i 

L^  A 


M 


SO  that 


Fa  (Fa/Ll)  "  1 

F  =  -  *  2 


F'l  tTz  <F'l'^> 


k-1 


(eqn  3.  10) 


Eut  Ej  /l^  can  b€  viewed  as  [  (Pj  /Lj  )  -  1  ]  ♦  1 

Equation  3.10  can  be  written  as  follows: 


Then 


^(F,/L,)-l 

F  =  1  +  2- 


“l  (LjA) 


k-1 


cr 


vk-1 


F  =  1  + 


(eqn  3.  11) 


Since 


1 

=  yV-^t 

^VLjA/ 
k  «  o'  1  ' 

froo  the  well*>kncvn  closed  fora  sum  for  a  geometric  series 
given  cn  page  87,  Equation  3.11  can  be  expressed  in  closed 


fcra  sc  that  the  oirexall  system  noise  figure  for  a  typical 


long  distance  transmission  line  system  becomes 


(egn  3.12) 


(eqn  3.  13) 


If  the  gain  of  the  amplifier  used  in  each  subsection  of 
the  tiansiission  line  exactly  compensates  for  the  line  loss 
of  the  subsection  then  A  »  1  and  Equation  3.13  must  be 
used  to  determine  system  noise  figure.  Otherwise  Equation 
3.12  must  be  used.  Then*  depending  on  the  line  loss  and 
amplifier  gain  relaticnship*  either  Equation  3.12  or  3.13  is 
used  together  with  the  result  of  Equation  2.74  in  order  to 
determine  the  total  system'-s  output  SNR. 

Exatple  3.3:  A  transmission  line  with  an  attenuation 
index  of  0.5  dB/Km  is  used  to  provide  a  communications  link 
for  a  transmitter  and  receiver  lOOKm  apart.  Identical 
amplifiers  whose  individual  noise  figure  is  3dBr  are 
inserted  in  equidistant  form  along  the  line  such  that  each 
amplifier  gain  equals  the  line  attenuation  over  each  segment 
cf  the  line.  Assume  a  lOOKHz  information  signal  is  placed 
on  the  line  at  an  input  power  level  of  Imicrowatt  and  assume 
that  the  ainimum  acceptable  SNR  at  the  receiver  is  74dB. 
The  maximum  allowable  system  noise  figure,  minimum  number  of 
amplifiers,  and  amplifier  spacing  can  be  determined  from 
Equations  2.74  and  3.13  as  follows: 


P  »  100 


so  that  tbs  systen  ncise  figure  is  20dB.  Then  froa  Equation 

3. 13 


[100  -  i]/c  (r^/L^)  -  1]  . 


But  fxca  Equation  3.3 


Lj  =  10‘°’^“m 


so  that  H  oust  be  ceterained  by  trial  and  error.  The 
follcvinq  table  was  developed  to  determine  the  miniDum 
number  of  amplifiers  used  to  achieve  a  noise  figure  of  100. 
Table  III  clearly  indicates  that  the  minimum  number  of 
amplifiers  which  yields  a  system  noise  figure  at  cr  below 
the  2CdB  allowable  limit  is  5. 


TAEIE  III 

H  Determination  via  Trial  and  Error 


Q.003 

0.02 

0.05 

0.10 

8:^5 


Noise  Figure 

31.0  dB 
24.0  dB 
21.0  dB 

19.8  dB 

18.8  dB 

17.8  dB 
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IxaosBisslon  Uses  can  be  analyzed  with  the  a.rd  of 
circuit  tbecry  -  that  is,  in  teras  of  voltages,  currents, 
and  iipedances.  Due  to  the  distributed  nature  of  impedances 
in  a  transmission  lice,  a  signal  voltage  applied  at  the 
input  end  cf  a  trarsnissicn  line  at  a  certain  instant  of 
tise  (for  example,  by  closing  a  switch)  will  net  appear 
instantaneously  at  the  output  end  of  the  line.  It  will 
travel  along  the  line  at  some  finite  velocity  which  is  that 
cf  the  electromagnetic  field  associated  with  the  voltage  and 
current  cf  the  line.  Because  time  is  required  for  a  signal 
waveform  to  travel  the  length  of  a  transmission  line,  the 
output  voltage  will  cot  be  in  phase  with  the  input  voltage, 
and  the  output  current  will  not  be  in  phase  with  the  input 
current.  Ihus,  signals  experience  a  time  delay  and  phase 
shift  as  they  propagate  along  the  length  of  the  line. 
Furthsrmcre,  as  indicated  earlier  in  this  section,  the 
magnitudes  cf  the  vcltage  and  current  at  the  output  termi¬ 
nals  cf  a  line  will  not  be  the  same  as  the  magnitudes  cf  the 
voltage  and  current  at  the  input  terminals  due  to  the  line*s 
attenuation. 

The  magnitudes  of  the  attenuation  and  phase  shift  that 
occur  are  deterainec  by  the  propagation  constant  of  the 
transmission  line.  The  propagation  constant,  represented  by 
If  is  a  complex  number  with  the  real  part  being  the 
attenuaticn  constant  (denoted  ^  )  and  the  imaginary  part 
being  the  phase  constant  (denoted  ^  ). 

Earlier  portions  cf  this  chapter  were  concerned  with  a 
generalized  approach  to  system  analysis  of  transmission 
lines  in  which  the  gress  behavior  of  the  line  was  character¬ 
ized  by  the  loss  parameter  o  .  consequently,  the  attenua¬ 
tion  constant  of  a  line  was  treated  as  a  given  parameter 
since  it  can  be  obtained  from  manufacturing  specifications, 
furthermore,  for  the  generalized  analysis  approach  to  system 
perfcrmance,  the  details  of  line  attenuation  and  phase/time 
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delay  axe  ixconseguextial.  The  remaining  portions  of  -his 
chapter  will  concentrate  cn  developing  an  overall  ur.der- 
standing  of  line  attenaation  and  phase/time  delay  effects. 

E.  ICl  EESCOBHCI  HOCEl 

Hhile  the  general  study  of  communication  system  trans- 
mission  lines  is  primarily  concerned  with  high  freguency 
signals,  it  is  beneficial  to  first  develop  an  understanding 
of  transmission  line  characteristics  that  are  applicable  at 
lower  frequencies  and  then  apply  that  knowledge  to  a  irodel 
that  is  applicable  at  higher  frequencies.  It  has  been  shewn 
(Bef.  29]  that  a  transmission  line  can  be  analyzed  in  terms 
cf  AC  circuit  theory  by  obtaining  an  equivalent  circuit  of 
the  line.  This  is  possible  because  a  transmission  line  is  a 
distributed  parameter  device  and  can  therefore  be  described 
as  a  cascade  of  incremental  networks  of  lumped  resistive, 
capacitive,  and  inductive  elements.  Consider  a  transmission 
line  composed  of  twe  long  parallel  vires  suspended  in  air 
such  that  a  small  subsection  of  length  x  can  be  examined 
[Figure  3.5].  One  restriction  placed  on  the  equivalent 
circuit  is  that  the  length  x  of  each  subsection  must  be 
smaller  than  the  wavelength  of  the  applied  signal  frequency. 
Then  each  subsection  can  be  considered  a  lumped  circuit  and 
the  various  elements  within  the  subsection  defined. 

The  equivalent  circuit  of  a  transmission  line  is 
composed  of  a  series  resistance  (H) ,  a  series  inductance 
(L)  ,  a  shurt  conductance  (G)  ,  and  a  shunt  capacitance  (C)  . 
It  should  be  noted  that  the  shunt  conductance  is  the  leakage 
conductance  (Inverse  of  resistance)  of  the  dielectric 
material  (including  air)  placed  between  the  conducting  wires 
and  net  directly  related  to  the  resistance  B  of  the 
conducting  wire.  line  parameters  are  normally  given  as 
per-unit-lengt h  values,  that  is,  R  in  ohms  per  unit  length. 
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fignze  3.S  farallel  lire  Transaission  Line. 

I  In  henries  per  unit  length,  C  in  farads  per  unit  length, 

and  G  in  ahes  per  unit  length.  To  derive  the  value  c£  xhe 
equivalent  circuit  cenponents,  it  is  necessary  to  multiply 
these  line  parameters  by  Ax,  the  length  of  the  subsection 
Ihe  equivalent  circuit  can  therefore  be  modeled  as  Flguz 
3.6  . 


Figure  3.6  Equivalent  Circuit. 

While  all  transmission  line  theory  could  be  treated  in 
terms  cf  ac  circuit  analysis,  the  analyses  would  be 
extremely  involved  fci  all  but  the  simple  cases  [Ref.  30]. 
It  is  mere  convenient  to  treat  transaission  lines  in  terms 
cf  differential  equations  (see  Appendix  k  for  a  general 
description  cf  differential  equations).  The  differential 
equations  are  obtained  from  a  simple  ac  circuit  analysis  of 


the  equivalait  circuit  of  line  subsection  and  than  by 
lettirg  the  incremental  section  of  line  (Ax)  approach  zero. 
Consider  the  equivalent  circuit  of  Figure  3.6  where  the 
current  and  voltage  are  functions  of  both  position  and  time. 
It  is  evident  that  voltage  and  current  are  in  general  func¬ 
tions  of  time.  Line  current  and  voltage  are  functions  cf 
position  doe  to  the  finite  velocity  of  propagation  cf  the 
signal  waveform,  Fcr  a  line  segment  of  length  Ax  which 
begins  at  the  arbitrary  point  x,  input  and  output  voltages 
are  denoted  v(x,t)  and  v(x+Ax,t)  respectively.  Similarly, 
input  current  is  i  (x,t)  .^nd  output  current  is  i(x+Ax,t)  . 

Since  the  voltage  drop  across  the  resistor  is  PAxi (x,t) 
and  across  the  inductcr  it  is  LAx|^i(x,t),  then  Kirchhcff's 
voltage  law  can  be  applied  to  the  equivalent  circuit  to 
yield 

v(x,t)  -  R  xi(x,t)  -  L  x|-^i(x,t)  -  v(x+Ax,t)  =  0 

cr 

v(x+Ax,t)  -  v(x,t)  =  -R  xi(x,t)  -  L  x-^i(x,t)  .  (sqn  3.14) 

LiJcewise,  Kirchhcff's  current  law  can  be  applied  tc  the 
circuit.  Noting  that  current  flow  into  the  equivalent 
circuit  capacitor  is  cAx v  (x+Ax, t)  and  that  the  current 
flow  through  the  shurt  resistor  is  gAxv  (x+Ax,  t) ,  then 

i(x,t)  -  G  xv(x*Ax,t)  -  C  x~v(x+Ax,t)  -  i(x+Ax,t)  =  0 


107 


I 


cr 


i(x+Ax,t)  -  i(x,t)  =  -G  xv(x+Ax,t)  -C  xj^{x+Ax,t)  .  (eqn  3.  15) 

CiTiding  Equations  3.14  and  3.15  by  Ax  results  in 

v(x+Ax,t)  -  v(x,t)  a 

- -  =  -Ri(x,t)  -  L~i{x,t) 


and 

i(x->-Ax>t^^-.i_(x,ti  ^  .Gv(x+Ax,t)  -  C-f^(x-^Ax,t) 


respectively.  Then  in  the  limit  as  Ax  approaches  2ero, 
these  egcations  becoire; 

av(x_,_tj  _  (eqn  3.16) 

ax  ~ 

and 

,  -Gv(x,t)  -cijiSiii  .  (eqn  3.17) 

It  can  be  seen  that  Equations  3.16  and  3.17  are  of  analcgcus 
form.  As  pointed  out  in  [Bef.  31],  these  equations  are  the 
dual  cf  cne  another  nith  the  following  analogous  quantities: 


R  G 


L  C 
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as  alsc  evidenced  free  equations  3.14  and  3.15  .  Eguaticr.s 
3.16  and  3.17  have  beceme  knevn  as  telegraphist's  equations 
and  are  the  basis  for  all  parametric  analysis  of  transmis¬ 
sion  lines  [Ref.  32].  The  task  th^..  is  to  solve  these  two 
equations.  ' 

Fcr  initial  analysis  consider  a  lossless  line  such  that 
E  »  G  «  C  .  Then 

^v(x,t)  =  -L~i(x,t) 

and 

|^i(x,t)  =  -c|^v(x,t) 

ehich,  as  vill  be  demonstrated,  ara  solved  jointly.  However 
lines  are  cot  lossless;  in  fact,  since  lines  are  seldcm 
coiled  tte  associated  line  inductance  (L)  and  conductance 
(G)  are  typically  small.  It  is  therefore  reasonable  to 
approximate  L  and  G  by  zero  [Ref.  33]  so  that  the 
telegraphist's  equations  become 

|l^v(x,t)  =  -Ri(x,t)  (eqn  3.18) 

and 

|^i(x,t)  =  -c^v(x,t)  .  (sqn  3.19) 

These  equations  can  be  solved  assuming  ac  steady  state 
conditicEs  on  the  line.  This  is  obtained  by  assuming  that 
v(x,t)  consists  of  a  sinusoidal  time  dependent  form  given  by 


v(x#t)  =  V(x)e'^***  E€cause  of  ths  duality  of  Equations  3,18 
and  3.19,  it  can  be  guaranteed  that  i(x,t)  will  te  of  the 
form  I(x)6'^‘^^  where  U  (x)  and  I  (x)  are  in  general  coirplex 
functions  of  x  and  referred  to  as  phasors  in  ac  circuit 
theory.  By  differentiating  v(x,t)  and  i(x,t)  with  respect 
to  X  yields: 


d  V(x)  jwt 
dx  ® 


and 


d  I(x)  j(Dt 
dx 


respectively.  Osing  these  equations  for  a  steady  state 
analysis  of  Equations  3.16  and  3.17  gives: 


d  V(x) 
dx 


jOJt 

e 


-RI(x)e'^‘^’^  -LI(x)  j 


jot 

e 


and 


^  gjiut  _  _^jv(x)e^^-CV(x)  j  . 


It  can  te  easily  seen  that  e^*^^  factors  out  of  both  equa¬ 
tions  sc  that: 


d  V(x) 
dx 


-RI(x)  -LI(x)j<i> 


(eqn  3.20) 
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and 


=  -GV(x)  -cv(x)j<i> 


(egn  3.21) 


ahich  can  te  solved  simultaneously.  Equation  3,21  can  be 


written  as 


lilL  =  [_G  -cj<y]V(x) 


so  that  the  second  derivative  c£  I(x)  is 


d^v{x: 


which  car  equivalently  be  put  in  the  form; 


d  V(x)  _  1  d  I(x; 

dx  ~  -G  -Cjw  dx2 


Substituting  this  intc  Equation  3.20  yields: 


1  d  I(x)  ^ 

-G  -Cjw  dx^ 


=  -RI(x)  -LI(x)j(i> 


d^.KxJ 


=  (G  +  Cj<«>)(R  +  Ljw)  I(x).  (®9r.  3.22) 


Letting 


=  (G  +  Cj  )(R  +  Lj  ) 


(eqn  3.23) 


Egaatics  3.22  becooes: 


d^Kx) 

dx^ 


Y^X(x)  . 


(sqn  3.2tt) 


This  is  a  simple  linear  differential  equation  of  the  second 
crdei  for  which  a  solution  is  well  known  [Bef.  34]. 

It  can  he  shewn  that 

I(x)  =  3.25) 


where  and  Ig  are  constants  of  integration  determined  by 
the  boundary  conditiers  at  the  input  and  output  ends  of  the 
transmissicn  line.  Again/  because  of  the  duality  of  the 
telegxapbist*s  equations  it  can  be  demonstrated  that 


so  that 


dx 


V(x)  =  e’^*+  Vg  (eqn  3.26) 

and  the  constants  of  integraticn  and  Yg  are  again  related 
to  lire  heundary  conditions  (Bef.  35].  From  Equations  3.20 
and  3.26  it  can  be  shown  that  the  current  at  any  point  x 
along  the  line  in  terms  of  the  constants  and  Vg  is: 

^ “  Vff-H  ®’^)- 
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letting 


Z  *  l!4j<oL  and  Y  »  G4jto>C 


this  egoaticn  becooes 


I(x)  =  -j===  -  Vge^M  . 


(eqn  3.27) 


Substituting  for  I(x)  from  Equation  3.25  yields 


A  B 


(V,e‘’'*  -  V^e’"') 


£0  that 


-/i7? 


V57?  ■ 


Therefore,  the  voltage  and  current  at  any  point  alone  the 
line  can  be  written  in  tens  cf  the  constants  and  Vg  as: 


v(x,t)  =  (V^  e-y*  +Vgey*)eJ«^t 


(eqn  3.28) 


113 


i (x,t) 


(eqn  3.29) 


and  Vg  are  detervlned  by  tbe  boundary  conditicrs  c£  the 
input  and  cctput  ends  of  the  transaission  line  and  therefore 
require  further  investigation. 


1.  lJ!£Sil£ce 

Issuae  a  transmission  line  of  length  jl  that  has  as 
its  input  a  voltage  source  with  internal  impedance  Z;  . 
Also  assuae  the  line  has  a  load  impedance  connected  to 
its  output  terminal  (see  Figure  3.7  )  .  The  voltage  and 

current  phasors  at  the  input  end  of  the  line  (x=0)  are 
designated  and  while  the  line  output  voltage  and 


Figure  3.7  Electrical  Elements  of  the  Transaission  Line. 

current  phasor  are  and  respectively.  Dsing 

Firchhcff's  Voltage  law  it  can  be  shown  that  at  x*0 

V,  -  Z'  -  v„  =  0  (egn  3.30) 


and  at  x«Jl 


=  0  . 


Ihis  egoatics  indicates  that 


\  = 


vbich  can  he  written  as 


Zl  = 


-y  z/Y 


(egn  3.31) 


Fqr  sisplicity  let  Z/Y  .  Furthernora,  for  maxiBum 
power  transfer  from  the  scarce  to  the  line  (i.e.  iapedance 
Batching  conditions)  let  Then  iron  Eguations  3.26  , 
3.27  ,  and  3.30 


V,  -  Z, 

0  0 


V.  *  'i  e» 


'  =  0 


which  yields 


=T 


(egn  3.32) 


Substitetien  this  value  for  7^  into  Equation  3.31  ,  it  can 
he  seen  that: 


Z|.  =  Zo 


^V,  -  Vo 
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so  that 


V,  =  ^  e-Vi 


Zl  -  Z, 

Zl  +  Zq 


(eqr.  3.33) 


Nov  fzca  Figure  3.7  it  can  be  said  that  the  input  inpedance 
at  x»C  is  given  by 


I. 


and  scbstitcting  Equations  3.26  and  3.27  with  x  set  to  zero 
yields 


Zo  ■  2o 


where  2^  is ’\J  Z/Y  ,  Further/  substituting  Equations  3.32 
and  3.33  for  and  Vg  gives 


which  car  be  simplified  to 


z 


i  n 


1  +  [(Zl  -  Zo)/(Zl  +  Zq)] 

1  -  [(Zl  -  Zo)/(Zl  +  Z^)] 


(eqn  3.3U) 


4 
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ior  a  vary  long  line  (i.e.  ! — >«  )  - >0  so  that 

Z.  =  Z  ^  =  Z  .  (eqn  3.35) 

in  0  1  -  0  0  ’ 

Thezafcra  the  input  lapedance  of  the  line  is  which  from  a 
previous  definition,  can  be  seen  to  be  given  by 

(egn  3.36) 

°  G  +  j  C 

Ihis  is  the  so-called  characteristic  impedance  of  the  line, 
since  it  depends  on  the  characteristic  parameters  B,  L,  G, 
and  C.  It  can  be  seen  that  for  the  general  case  the  impe¬ 
dance  is  complex  and  is  a  functicn  of  the  applied  frequency 
(I).  There  are  two  cases,  however,  when  the  characteristic 
impedance  is  not  a  function  of  frequency. 

First  consider  a  lossless  line  where  R  and  G  equal 
zero.  Tten  Zo  =Vl7c"  which  is  a  pure  resistance,  independent 
cf  frequency  (sc  long  as  L  and  c  are  themselves  frequency 
independent).  A  seccnd  case  cccurs  when  L/R  =  C/G,  that  is 
when  tha  time  constants  of  the  equivalent  circuit  are  equal. 
So  that 


Zo 


A " 

V 1  *  " 


1 


when  I/R  3  C/G  [Ref.  36]. 

Sith  the  knowledge  that  the  impedance  of  a  line  is 
determined  by  its  characteristic  parameters  Z^  ,  in  acccr- 
dance  with  Equation  3.36  ,  the  analyst  can  now  focus  on  the 
question,  "If  the  impedance  of  the  line  is  determined  by  its 
physical  characteristics,  then  how  does  the  characteristic 
impedance  affect  the  signal  as  it  propagates  down  the  line?" 


117 


2 •  grocaa^tiOD  Cccstant 


Ibe  conpariscTi  cf  a  systen*s  output  signal  tc  its 
input  signal  is  a  measure  of  that  system's  effect  c~  the 
signal  and,  as  discussed  in  Chapter  1,  is  generally 
described  by  the  system's  transfer  function  [H(a))].  This 
principle  can  be  used  to  derive  the  relationship  betMeen  the 
characteristics  cf  the  line  and  its  effect  on  the  propa¬ 
gating  signal. 

Consider  the  line  in  Figure  3.7  whose  characteristic 
impedance  and  load  impedance  are  matched.  Then,  by 
Equation  3.33  for  Z„  =  Z,  ,  7  =  0  so  that  from  Equation 

3.28  V  (x,t)  sjVj  .  Therefore,  the  ratio  of  the  signal 

voltage  at  the  output  side  cf  the  line  to  the  signal  voltage 
at  the  input  side  of  the  lire  is  given  by: 

V 

— ie-y 

v()l>t)  ^  2  ^ 
v(0,t)  eJ"*' 

which  car  be  written  as: 

V(x=|,)  =  V(x=0)e"^^  .  (eqn  3.37) 


In  ether  words,  the  signal  voltage  at  the  output  end 
cf  the  line  is  equal  to  the  signal  voltage  at  the  input  side 
cf  the  line  times  which,  by  definition  [page  17],  is  the 
transfer  function  of  the  lice  and  designated  R (a>)  .  Earlier 
in  the  atalysis  the  definition  Y  =  (R+ja>L)  (G+ja>C)  was  made 
so  t  h  at : 


which  is  a  conplex  quantity  and  can  be  written  in  ths  fcri 


Y  =  ^  +  /Sj 

where  is  the  real  part  of  Y  and  $  is  the  imaginary  part  of 
Y.  Ccokining  these  definitions,  it  can  be  seen  that 


e-yi  =  H(  )= 


so  that 


H((u)  =  .  (eqn  3.39) 

As  a  result,  it  is  easily  seen  that  by  its  transfer  func¬ 
tion,  the  transmission  line  introduces  both  signal  attenua¬ 
tion  (6"^)  and  delay  (which  is  related  tc  the  term  . 

Furtherscre,  as  the  length  of  the  line  increases  sc  dc  the 
attenuatuicn  and  delay.  The  term  Y  is  called  the  line's 
propagaticn  constant  and  is  a  per  unit  length  value  deter¬ 
mined  free  the  characteristic  parameters  of  the  line. 

Initial  sections  of  this  chapter  introduced  the 
transmission  line  attenuation  factor  (  a  )  as  a  gross  quan¬ 
tity  per  unit  length  cf  line  so  that  the  perspective  cf  the 
general  txaismission  line  analysis  could  be  focused  on  the 
system  and  not  on  component  level  details.  From  the  simpli- 

ficaticn  cf  Equation  3.23  ,  the  atxenuation  facter  of  a 

2 

transirissicn  lin€  can  te  daduced.  If  7  «  (R^ja>L)  (G+j<oL) 
2 

then  Y  is  a  complex  quantity  equal  to 

(BG  -  w^LC)  ♦  jw<LG  +  HC) 


which  is  of  the  form  a  ♦  jt.  As  denonstrated  ir.  ths  fore¬ 
going  section  v  ♦  j /8  ,  then; 

2  2  2 

where  <1/  ~  0  is  the  teal  part  of  y  and  2^0  is  the  inaginary 
part  of  y^  .  Therefore  letting 

2  2 

a  =  ^  -  /3 


and 


t  =  2f0 


The  second  equation  can  be  written  as /9  =  b/ (2^^')  so  that /3  can 
can  he  scbstituted  into  the  first  equation  to  yield: 

=  0  . 


Csinc  the  general  solution  for  a  quadratic  equation  gives; 


so  that 
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( 


1 


1 


Now  substituting  (EG  -  o/lC)  for  a  and  (LG  ♦  EC)  for  t  it  car. 
t€  s€€n  that  : 


RG  -  (u^LC  +  V(RG  -  ^LG  f  +  O)^  ( LG  RG )  ^ 


1/2 


(eqn  3.40) 


which  determines  the  attenuation  constant  of  a  unit  length 
line.  It  should  be  noted  that  while  the  solution  for  a 
quadratic  eguaticn  itclude  both  plus  and  minus  square  root 
values,  the  positive  value  only  is  used  to  determine  'P . 
Clearly,  the  absolute  value  cf  the  square  root  term  will 
always  exceed  |  EG  -  tu^LCI  so  that  if  the  negative  square 
root  were  considered  \f/  would  be  purely  imaginary.  Since 
attenuation  is  purely  real,  the  negative  square  root  term  is 
meanircless .  Then,  substituting  the  value  cf  ^  from 
Iquation  3.40  into  the  equation  equation  /3  =b/(2^)  and 
replacing  b  with  LG  +  EC  it  can  be  seen  that 

a  _  _ _  m(LG  +  RC) _ 

^2RG  -  2ai^LC  +  2^/ {RO  -  (o'LC)^  +  +  RC)^  •‘*1) 


This  term  0  then  describes  the  delay  constant  of  the  unit 
length  line.  It  should  be  noted  that  the  attenuation 
constant  and  the  delay  constant  are  dependent  on  both  the 
line  operating  frequency  and  the  line  characteristic 
parameters. 

Earlier  in  this  chapter  a  transmission  line  was 
grossly  characterized  as  "lossy"  where  its  total  line  atten¬ 
uation  was  found  by  multiplying  the  length  of  the  line  by 
the  lire's  attenuation  factor  a  which  could  either  be  meas¬ 
ured  cr  stated  in  the  manufacturer's  specifications.  The 
questicn  then  is,  "Hhat  is  the  relationship  between  the 
line's  propagation  constant  and  the  transmission  power 
loss?" 
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3.  tower  Loss 


Eeferring  back  to  Figure  3.7  where  input  and  cutpun 
impedances  are  matched,  the  wcltage  and  current  iue  tc  a 
sinuscidal  input  at  any  point  x  along  the  line  are  (with 
time  dependency  suppressed)  given  by: 


V(x) 


and 


I(x) 


e 


-Fx 


respectively.  It  can  be  demonstrated  that  power  at  any 
point  X  along  the  line  is  given  by  the  voltage  at  x  times 
the  complex  conjugate  of  the.  current  at  x  [Bef.  37].  This 
is  then  written  as 


p(x)  =  V(x)i*(x) 


where  *  indicates  complex  conjugation  tSsf*  38],  It  can  now 
be  shewn  that  power  at  the  input  end  of  the  (x  =  0)  is: 


p.  =p  =  vi  = 


.  /  1  ' 
*  =  t  1  (  — 


and  that  pewer  at  the  output  end  of  the  line  (x  =1)  is: 


pQ  U  t  “  ~ 


y,  I, 

I  I 


/\r  \^  *  V  * 
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As  pr€vicusly  discussed  in  this  thesis,  power  loss  is  sinply 
a  comparison  or  ratic  of  output  power  to  input  power;  there¬ 
fore  a  transmission  line's  power  loss  can  be  written  as: 


* 

) 


Eecalling  that  Y  =  ^  *  j /3  ,  then 


p .  ~  ®  ® 

^  1  n 


SO  that 


^0  u  t  -  2 

P  i  n 


is  the  power  loss  over  the  length  A  of  a  line.  But,  power 
loss  (or  attenuation)  is  normally  given  in  dB's,  therefore 

=  10  log 

\^in  /dB 

=  20  <PJi  log  e 

where  e  is  the  base  cf  the  natural  logarithm  and  has  the 
value  2.71828....  Therefore,  the  dB  attenuation  or  loss  (L) 
of  a  trarsmission  line  of  length  i  is  given  by 


(L)^  =  8.6858896  ijf  Ji 


It  can  new  te  seen  tiat  the  unit  length  ( jt  =  1)  transmissicr. 
lina  attsntation  factor  a  ,  earlier  presented  as  a  gross 
quantity,  is  determined  by; 


a  =  8.69  ilf 


(egn  3.«2) 


where  ^  is  determined  from  Equation  3.40  .  More  appropri¬ 
ately  termed  the  line's  attenuation  constant,  a  is  a  func¬ 
tion  of  the  line's  characteristic  parameters  and  its 
operating  frequency.  It  should  be  noted  that  the  delay 
constant  has  no  effect  on  power  as  the  signal  propagates 
along  the  line. 

** •  Bef lection  Coefficients 


Ihe  previous  sections  of  this  chapter  were  developed 
on  the  tasis  of  the  load  impedance  and  the  line  character¬ 
istic  impedance  being  of  the  same  value,  Under  these  condi¬ 
tions  the  entire  voltage  and  current  waveforms  propagate 
down  the  transmission  line  with  no  reflection  from  the  load 
when  1 — ^00.  It  was  also  shown  that  with  Zj,  =  the  Vg 
and  I-  terms  in  the  respective  line  voltage  and  current 

D 

equations  were  zero.  However,  when  a  mismatch  between  the 
load  and  line  impedances  exists,  the  Vg  and  Ig  terms  do  not 
equate  to  zero  and  therefore  detract  by  some  factor  from  the 
waveforms  transmitted  to  the  load.  These  detracting  factors 
are  known  as  reflection  coefficients  and  represent  an 
apparent  waveform  traveling  from  the  output  end  of  the 
transmission  line  to  its  input  end. 

The  voltage  reflection  coefficient  is  denoted  and 
is  defined  as: 


A  ® 
P,  =  — 


yi 


-Y1  * 


(eqn  3.43) 
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Substituting  the  value  for  7^  and  Vg  as  previously  derived 
[Equation  3.32  and  3.33]  the  voltage  reflection  ccefficisnt 
teccies 


(eqn  3.44) 


from  Eguaticn  3.43  it  can  be  seen  that  Vg  will  be  related  to 
in  the  following  sanner: 


Ihe  generalized  equation  for  voltage  at  any  point  x  alcng  a 
transmission  line  of  finite  length  i  is: 


v(x, t) 


y(x-2i)l  j<ot 

m 


Ihe  current  reflection  coefficient,  denoted  is  similary 

defined  as: 


I 

I  e-yjt 
A 


and  frcB  the  current-vcltag e  relationship  previously  devel¬ 
oped  it  can  be  shown  that  P^=  "  Py  •  Therefore,  given  the 
voltage  reflection  ccefficient  ,  the  generalized  current 
equation  at  any  point  x  alcng  a  line  of  length  can  be 
stated  by  the  equation: 


i(x,t) 


P  e 


y(  x-2i)  1  ja>t 


125 


5.  Trarsmiss^OD  Line  Characteristic  Paraneteys 

The  beginning  of  this  section  on  the  low  freguency 
Bodel  briefly  considered  the  parameters  required  to 
construct  the  equivalent  circuit  of  a  transmission  line. 
These  equivalent  circuit  component  values  are  a  function  cf 
material  ccmposition  and  line  cross-sectional  geometry. 
Bather  than  developing  an  analysis  of  the  characteristic 
parameter  of  a  line#  this  section  simply  presents  a  summary 
cf  the  standard  coaxial  cable  and  open#  two-wire  models 
derived  in  [Bef.  39],  Fcr  both  models#  resistance  and 
conductance  are  related  tc  the  material  used  fcr  the 
conducting  wire  and  the  insulation  respectively.  Referring 
to  Figure  3.8  #  the  resistance  (E)  of  a  line  is  equal  tc  the 
resistivity  (l/a)  of  the  ccndocting  material  divided  by  its 
cross-sectional  area.  Thus 


Figure  3.8  Circular  Mire. 

Referring  to  Figure  3.9  or  3.10  conductance  (G)  is  the 
inverse  cf  the  resistivity  ( l/o)  of  the  material  separating 
the  two  ccnducting  wires.  Therefore: 

G  =  a  . 
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Figure  3.9  Coaxial  Cable  Hodal 


a.  Coaxial  Cable 

Figure  3.9  depicts  the  cross-sectional  geonetry 
of  a  coaxial  cable.  Capacitance  (C)  can  be  calculated  using 
the  eguaticn: 


C 


lit  € 


where  r^  and  r^  represent  the  inner  radii  of  the  two  conduc¬ 
tors,  and  e  is  the  permittiTity  of  the  insulating  naterial. 
hs  an  aside,  the  permittivity  of  a  vacuum  (denoted  )  is 
8.  aSxIO’^arads/meter.  The  inductance  (L)  of  a  coaxial  cable 
can  te  calculated  frcm  the  equation: 

L  =  •^[  ^  +  2  InCr^/r^)] 

where  n  is  the  permeahlilit y  c£  the  insulating  material.  If 
the  two  conductors  are  separated  by  air  the  permeability  of 
a  vacuum  (  Mo® -^lenrie s/meter)  can  be  used  as  a  close 
approximation  40]. 


Figure  3.10  Opes,  Two*‘0ire  Model, 
t.  Open,  Twc-Wire  line 

The  cross-secticnal  geometry  of  the  open,  two- 
vire  Kcdel  assuies  that  the  conducting  wires  are  cf  equal 
size  as  illustrated  in  Figure  3.10.  The  radius  of  each 
conductirg  wire  is  r  and  s  is  the  distance  separating 
the  centers  of  the  wires.  Then  the  capacitance  of  the  line 
is  given  by: 


where  c  is  the  permittivity  cf  the  material  between  the  two 
wires.  Inductance  is  given  by 


L 


M-  ,  /s  +  Vs^  -  4r^ 
=  ?  - 2? - 


where  /u.  is  the  permeability  of  the  insulating  material 
between  the  conductors. 
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C.  SRIH  BIIECT  HODEl 

The  low  fregaency  model  for  transmission  lines  assumes 
that  a  line's  characteristic  parameters  are  uniformly 
distributed  throughout  the  line.  It  has  been  demonstrated 
that  Y  is  a  function  of  the  line's  parameters  and  operating 
frequency  but  that  the  effects  of  frequency  are  negligible 
whan  compared  with  the  line  rasistance  and  dielectric 
conductance  at  the  lower  frequency  spectrum.  Therefore, 
current  was  assumed  tc  be  uniformly  distributed  through  the 
cross-sectional  and  longitudinal  areas  of  a  line.  It  is 
known  that  when  an  alternating  current  flows  in  a  conductor, 
the  associated  magnetic  flux  within  the  conductor  induces  an 
electxcactlTe  force  (EhF) .  This  EMF  causes  the  current 
density  to  decrease  at  the  center  of  a  wire  and  increase  at 
the  cuter  surface.  This  migration  of  current  toward  the 
surface  of  a  conductor  is  known  a  the  skin  effect  and 
increases  in  prominence  as  the  frequency  of  the  input  signal 
increases.  For  transmission  lines  operating  at  low  frequen¬ 
cies,  skin  effect  is  negligible  and,  for  all  practical 
purposes,  can  be  ignored;  however,  for  lines  operated  at 
higher  frequencies,  skin  effect  becomes  a  significant  factor 
[Ref.  41], 

The  skin  effect  model,  which  was  developed  for  transmis¬ 
sion  lines  operated  at  high  frequencies,  accounts  for  zhe 
skin  effect  phetomencn.  As  current  migrates  toward  the 
surface  of  a  conductor,  the  effective  resistance  of  the 
conductor  increases.  For  high  frequency  transmission  lines, 
the  lire  series  resistance  (R)  is  frequency  dependent.  The 
telegraphist's  equations  are  the  basis  for  all  transmission 
line  analysis  regardless  of  operating  frequencies.  Since 
the  gerexal  concepts  and  equations  for  transmission  lines 
have  teen  already  presented,  the  skin  effect  model  can  be 
easily  analyzed  by  the  use  of  the  already  developed  model 
and  equations. 
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The  ckjective  of  a  tracssission  line  analysis  is  to 
detexBinc  the  line*s  effect  on  an  input  signal.  As  dsmcn- 
strated  in  the  lov  fxeguency  oodel,  a  line's  transfer  func¬ 
tion  is  dependent  only  on  its  propation  constant  (  y  )  and 
the  length  (1)  of  the  line.  From  the  analysis  of  the  low 
fregueccy  scdel*  the  propagation  constant  of  a  line  oper¬ 
ating  at  high  frequencies  is  [free  Equation  3.38]: 

Y  =  -y/  (R  +  :a>L)(G  +  j<i>C) 


where  B  new  is  the  skin  effect  impedance  .  The  skin 
effect  iipedance  has  been  found  to  be  (approximately) 


where  K 

eperating 

conducting 


is  the  skir  effect  resistance  and  m  is  the  line- 
frequency.  At  high  frequencies,  a  circular 
wire  has  a  skin  effect  resistance  given  by: 


where  r  is  the  radius  of  the  wire,  /*  is  the  permeability 
cf  the  wire,  and  1/o  is  the  resistivity  of  the  wire 
[Bef.  42].  Letting  p  “VjS  and  substituting  for  R,  the 
propagation  constant  for  a  high  frequency  line  is: 

-  i 

y  =  (KVp  +  pL)  (G  +  pC)  .  I 

i 

.  i 
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In  a  sioilar  manner  the  characteristic  impedance  cf  a  line 
cperatinc  at  high  frequencies  can  be  determined  using  rhe 
23,^  value  in  place  of  the  S  term  in  Squation  3.36  Therefore, 
for  the  shin  effect  mcdel,  a  transmission  line’s  character¬ 
istic  impedance  is  given  by: 

VkV^  +  pL 

G  +  pC  * 


Sci  all  practical  purposes,  the  conductance  of  line  insula¬ 
tion  between  the  tuc  conductors  is  negligible  (Ref.  43]  so 
that  the  equation  fer  the  propagation  constant  of  a  high 
frequency  line  is 


Y 


=  V (KVp" +  pL) (pC) 


(eqn  3,45) 


and  the  characteristic  impedance  equation  is 

VKVp  +  pL 
pC 


(eqn  3.46) 


Given  an  operating  frequency  and  the  line  parameters, 
Iquaticns  3.45  and  3.46  can  be  solved  and  applied  tc  all 
ether  equations  presented  in  the  low  frequency  model 
section.  The  remaining  portions  of  this  chapter  will 
concentrate  on  the  high  frequency  line's  transfer  function, 
its  effect  on  applied  digital  signals,  and  the  expected 
output  signal-to-ncise  ratio  under  certain  specified 
conditions. 


131 


% 


1 . 

In  thaj  Icif  frequency  acdel  it  was  demonstrated  that 
the  transfer  functicn  H  (<0)  of  a  transmission  line  of 
length  Z  is  given  by: 


e 


-yl 

» 


Ihen,  fzcm  Equation  3.4  ,  it  can  be  seen  that  at  high 

frequencies  a  line's  transfer  funcxion  is 

H(  )  =  *  P^LC)  ^  ^  (aqn  3,47) 


Sow  can  be  written  as  p  Vlc"  L  p  . 

1C  1  /  1C  1 

lor  high  frequencies,  is  very  small  so  thatv(i+ 

can  be  afprcxinated  csing  the  rule  vTTx  si-*- (x/2)  for  x<<1. 

3hus,  Egcation  3.47  becomes 


H{<u) 


Substituting  j  for  p,  obtain 


-joivrri 

e  e  2  L 


(eqn  3.48) 


This  equation  is  analogous  to  Equation  3.39  so  that  the 
first  term  represents  delay  and  the  second  represent  attenu¬ 
ation  [Bef.  44].  Prcm  the  transfer  function  H  (w) ,  it  can 
be  concluded  the  transmissicn  line  response  to  a  high 
frequency  signal  is  attenuation  and  delay  of  than  signal. 
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2 .  Irarsmis^ion  Cata  Rate 

acdern  cooiuticaticns  equipment  has  evolved  from 
analog  circuitry  to  very  fast  digital  processors.  As  analog 
signals  are  replaced  by  pulse  signals,  the  analysis  of  the 
pulse  response  of  a  transmission  line  is  a  topic  of 
increasitg  importance.  in  the  previous  section,  the  high 
frequency  line  response  (or  transfer  function)  H  (oj)  was 
discussed  and  found  tc  be: 


H(a,)  =  ^-fv€7Tv^3-i 


representing  signal  attenuation  and  delay.  The  fcrmer 
directly  impacts  transmission  data  rate  and  therefore  is 
analyzed  more  closely. 

The  high  frequency  transmission  line  transfer  func¬ 
tion  H(a»)  can  be  viewed  as  consisting  of  twc  terms  namely: 

E(<i))  =  Hi(a>)  H2(<i>) 


where  H,(a>)  represents  the  delay  e"'^*^  ^  and  H-(a>)  repre- 

*  -  ^  kv^TlvTSTJI  ^ 

sents  the  attenuation  e  .  To  simplify  the  notation, 

let  tg  =iV^  ,  and  define  a  new  term  f  where: 


^  /Ik 


vlTc; 


Also  define  another  new  term  q  where: 


T,  ^ 


4  V  L/C  V¥ 
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so  that  Vf” s  r\  .  Ihetefore,  the  transfer  function 

B  (&>)  car  new  be  written  as: 


H(w)  = 


(egn  3.«9) 


In  order  to  obtain  the  transmission  line  data  rate,  the  line 
response  must  be  stated  as  a  function  of  time  rather  than 
freguenej.  Thus  the  inverse  Fourier  transform  of  H(ai) 
must  to  determined.  Since 


Fguaticn  3.49  becomes 


H(w)  =  . 

From  tasic  properties  cf  Peurier  transforms,  if  f  (t)  has 
Fourier  transform  F  (<u) ,  i.e.  f  (t ) F (&>)  then 

f(t-to)  - »- 


Therefore: 


cr 


h(t)  =  h2(t-tg) 
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where  h^t) - H^cj).  Through  the  use  of  Fourier  trar.sf crrsa- 

tion  tables  h  2(t)  is  determined  to  be: 

h2{t)  =  n  U(t) 

where  0  (t)  is  the  unit  step  function  depicted  in  Figure 
3.11  .  Then  hgCt-tg)  is: 


which 


h2  (t-tg )  =  g ( t-tg ) 

represents  the  function 


h2(t)  delayed  t^ 


) 


seconds. 


u(t) 


/ 

1*" 

1 

- 

- ^ 

Figure  3.11  Unit  step  Function  0  (t)  * 

Example  3.4;  If  a  coaxial  cable  100  kilometers  long 
has  a  lire  inductance  L  of  5.7x10  -  henries  per  meter  and  a 
line  capacitance  of  3.5x10  farads  per  meter,  from  the 

definiticn  t^  =  i V it  can  be  determined  that  any  high 
frequency  signal  applied  to  the  line  will  experience  a 
propagation  delay  of  idOnancseconds.  In  ether  words,  the 
output  response  to  a  signal  would  lag  the  input  by 
360nancs€conds .  The  term  h2(t)  must  now  be  analyzed. 
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t<0 


Cue  to  the  preseaca  of  0  (t)  ,  I12  will  be  zerc  for 
Fcithermore,  in  the  Unit  as  t  approaches  infinity, 
l^(t)  goes  to  zero.  Tbe  value  cf  h2(t),  when  0<t<»  ,  must  bs 
exanited.  Since  t  is  restricted  to  only  positive  values,  by 
inspecticn,  it  can  be  seen  that  (t)  will  always  be  posi¬ 
tive  and  be  of  the  shape  illustrated  in  Figure  3.12  .  The 
peak  cf  the  response  curve  is  determined  by  setting  the 
function's  first  derivative  to  zero.  Then 


0 


which  can  be  reduced  to 


t 


3. 

2 


0 


figure  3.12  High  Freguenc;  Transaission  Line  Response  Curve. 

It  car  new  be  seen  that  the  maximum  value  of  h^  (t)  occurs 
at  t*  (2/3)  /  .  The  peak  value  can  easily  be  derived  by 
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solvirg  fcr  .  Thas  the  peak  value  of  the  response 

function  is: 

/  2  _  e  l 


Eecalling  that  1  ,  then: 


hj  (f  f ) 


/ 


Iherefcre,  the  peak  value  of  h  g  (t)  is  approxiaately 
(0,  23)  (1/^)  . 

Exaiple  3.5:  If  the  cable  in  the  previous  example 

has  a  skin  effect  resistance  (K)  of  1.17132x10  *♦  ohms  per 
meter  per  second  but  the  line  is  only  lOkilometers  in  length, 
then  4  can  be  calculated  from 


and  is  0.8  nanoseconds.  The  peak  value  of  the  response 
function  cccurs  when  t=(2/3)f  or  at  0.54  nanoseconds  and  is 
h(0.54  nanoseconds)  =  285x10«. 

It  can  be  demonstrated  that  as  f  becomes  smaller, 
the  mere  closely  the  response  curve  resembles  an  impulse. 
Kith  the  aid  of  fourier  transforms  it  can  be  shown  that  the 
transfer  function  of  an  impulse  is  unity  for  all  frequen¬ 
cies.  Therefore,  it  can  be  concluded  that  the  smaller  the  ^ 
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cf  a  tratsnissioD  line,  the  tetter  suited  the  system  is  fcr 
high  frequency  signal  transmission.  So,  for  the  ideal 
transmission  line,  E(<u)  =  1.  However,  as  has  beei;  demcn- 
strated,  the  response  of  a  teal  transmission  line  is  not 
ideal  as  indicated  by  the  fact  that 


H  (<u) 


,  a-2  VjS7’_ 


Clearly  |H2(a>)|<1  fcr  all  frequencies.  can  te  written 

in  polar  form,  that  is: 


HjC")  =  H2(w)  e 


Since 


1^1. 
j  =  rz  +  7=  J  ' 
VY  ^ 


then 


Cleazly 


H2(«^)  = 


Figure  3,13  illustrates  the  frequency  response  of  the  trans- 
nissicn  line  as  deteinined  from  (H  ^  (uj)  i«  be  seen 

that  the  line  has  the  frequency  response  characteristics  of 
a  low  pass  filter.  The  half  power  point  of  )  I  cccurs 

at  the  frequency  oi  such  that  a>^=  0.06.  Therefore,  it  is 


jH2(«)j 


Figure  3.13  Average  Power  Spectral  Density. 

clearly  deacnstrated  that  the  ^  value  of  the  line  deter- 
nines  the  cut-off  frequency  of  the  lias. 


It  is  often  useful  to  specify  frequency  response  of 
a  line  in  the  contest  of  dE  power  loss  at  various  frequen¬ 
cies.  It  can  be  demonstrated  that  the  output  spectral 
density  of  a  linear  system  is  related  to  the  input  spectral 
density  to  the  system  by  [Bef.  45] 


where  represents  output  power  spectral  density  and 

represents  input  power  spectral  density.  Since 


t 


(«d) 


2 


Ihe  power  loss  (in  dB)  for  any  given  fixed  frequency  is 
given  ty 


(Loss)  =  10  ^ 

dB 


(Loss)^  =  -12.28VS7^.  (equ  3.50) 

It  cat  therefore  be  concluded  that  any  transmission  line 
system  which  does  net  ’'condition”  the  line  with  equalizers 
is  liiited  in  its  frequency  response  by  the  line's  ^  value. 
Fealizing  that  modern  telecommunication  systems  are  exclu¬ 
sively  digital  systems,  since  digital  signals  are  typically 
high  frscuency  signals,  it  is  apparent  that  the  transmission 
line  parameters  determine  the  maximum  number  of  pulses  per 
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second  that  can  te  transmitted  over  a  line.  Therefor*?  it  is 
important  tc  determine  the  line  response  to  a  pulse. 

Lathi  (Be£.  e6]  has  shewn  that  a  unit  srep  respcr.sa 
0(t)  can  he  expressed  as  the  integral  o£  a  unit  impulse 
function  8(t). 


u(t) 


The  unit  step  response#  ^2  (t)  ,  of  the  line  is  given  by: 


r2  ( t ) 


This  fellows  frem  the  previous  eguation  and  linear  system 
theory.  Suhstitutinc  for  h2(t)  yields 


Since 


U(t) 
(  t) 


dt 


U(T  ) 


0  for  tao 

1  fort>0 


then 


rj  ( t) 


U(t)  . 
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letting  X  be  a  variable  cf  integration  such  that  x  s  yj  2  / 
it  can  be  demonstrated  that  the  line’s  unit  step  response  is 
given  by 

r  ( t)  =  2  /  -^e  '2  dx  .  (sgr.  3.  51) 

2  J  V2v 

Ihe  intsrgal  of  Equation  3.51  is  the  so-called  complemertary 
error  function  (CE8F)  of  a  normal  distribution,  where 

e'^2^dx  =  1  -  F(x)  (eqn  3.52) 

and  F  (1)  is  the  so-called  error  function  integral  fRef.  47]. 
From  Eqtaticns  3.51  and  3.52  the  unit  step  response  of  a 
transiissicn  line  can  be  determined  from 

r^(t)  =  2[1  -  F(V2f/T)  ]  3.-53) 

and  is  illustrated  in  Figure  3.14  . 

Figure  3.14  represents  the  signal  r  ^  (t)  at  the 
cutput  terminals  of  the  transmission  line  in  response  to  a 
unit  step  input  signal.  The  time  required  for  the  cutput 
level  tc  gc  from  10H  to  90X  of  the  maximum  output  signal 
value  is  called  the  rise  time.  Letting  (t. )  denote  the  tine 
at  which  the  output  reaches  the  10»  signal  level  and  (t^) 
denote  tie  time  at  which  the  cutput  reaches  the  90!l  level, 
rise  time  is  t^  -t,  .  Therefore  combining  Equation  3,53  and 
its  graphic  representation  in  Figure  3.14  ,  it  can  be  seen 

that 

r^Ct^)  *  C.1  and  (t^)  =  0.9  . 
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Figure  3.14  Onlt  step  Response. 

It  fellows  then  that  through  substitution  of  t^  and  t^  into 
Equation  3.53  that  t^=  0.74  and  t^  =  128  .  Therefore 
rise  time,  denoted  t^,  associated  with  a  transmission  line 
is  127. 26 ^  seconds.  For  example  if  a  transmission  line  has 
a  value  of  8.111  x  10’^°  seconds,  then  the  rise  time  of 
the  response  due  to  a  unit  step  signal  applied  at  the  input 
of  the  line  would  be  lOOnanoseconds. 

Now  that  the  transmission  line  response  to  a  unit 
step  signal  is  known,  the  line  response  to  a  pulse  can  be 
easily  determined  since  a  pulse  can  be  viewed  as  two  unit 
step  signals  occurring  at  different  times.  Let  the  pulse 
signal  of  Figure  3.15  be  represented  as  0  (x)  -  0  (x-d)  . 
Figure  3.16  represents  the  individual  responses  of  U  (x)  and 
C  (x-d)  such  that 


(x)  =  2[1  -  Fh 


U(x) 


and 

r^Cx-d)  =  2[1  -  F(y2/(x-d)  )]  U(x-d)  . 
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Figure  3.15  False  signal 


U(x-d) 


c^lx-d) 


figure  3.16  Individual  Line  Responses. 


FroB  a(x)-0<x-d),  the  resultant  response  is  r g  (x) -Cg  (x-d)  as 
illustrated  in  Figure  3.17  . 

It  can  te  seen  from  Figure  3.17  that  as  the  pulse 
duration  d  is  made  saaller  the  response  pulse  amplitude 
decreases.  Most  systeas  tase  cutoff  signals  at  the  3dB 
signal  pewer  level.  Therefore,  d  should  be  long  enough  to 
insure  that  the  voltage  (or  current)  response  pulse  is  at 


r(t) 


Figure  3.11  Line  Besponse  to  a  Pulse. 

least  10.7%  of  the  input  signal  voltage  (or  current)  level, 
lo  maxinize  the  nunber  of  pulses  put  on  a  line  the  pulse 
width  d  shculd  be  oicinized.  Iherefore  d  should  be  based  on 
the  tiae  reguired  fcr  a  response  pulse  to  rise  to  at  least 
the  half  power  point  of  the  input  signal  power.  Thus,  r^  (x) 
should  be  set  to  reach  the  0.707  voltage  (or  current)  level. 
The  pulse  width  is  found  by  setting  Equation  3.53  to  C. 707 
so  that 

2[1  -  F ]  =  0.707. 


letting  V 2^/t  »  x  ,  then  F  (x)  =  0.646  .  The  value  of  F  (x) 
can  be  found  froa  norial  distribution  tables  so  that  x=0.37. 
Therefore,  it  can  be  seen  that 


‘sfUTT  =  0-37 


so  that  t  =  14.6  i  .  For  sioplicity,  the  pulse  duration  is 
chocsen  as  nultiple?  cf  the  lines  Rvalue  so  that  the  cut  off 
pulse  will  occur  15  €  after  the  turn  on  pulse.  That  is, 
pulse  deration  is  15  ^  seconds.  Likewise  a  reasonable 
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anouEt  cf  delay  is  required  to  ensure  the  line  is  at  a 
steady  state  prior  to  turn  on  cf  another  pulse,  by  the  sani^= 
technique  used  to  develop  the  width  of  a  pulse,  the  interval 
tetween  the  turn  off  pulse  and  the  new  turn  on  pulse  is 
found  to  te  approxiaately  15^  seconds.  The  tonal  time 
tetween  tte  leading  edge  of  the  two  consecutive  pulses  is 
approximately  30^  seconds.  Therefore,  the  data  rate  of  any 
given  transiission  line  is  1/30^  and  clearly  depends  on  the 
characteristic  parameters  of  the  line  as  related  by  ^  . 

Ixample  3.6:  If  a  transmission  line  has  an  f  value 
cf  8.111x10"^°  seconds,  then  the  optimal  pulse  width  of  a 
pulse  applied  on  the  line  is  12nanoseconds.  The  maximum 
data  transmission  rate  is  approximately  4 mbps  (Mega  bits 
per  second)  . 

J •  Siqnal-to-Noise  Ratio 

The  previous  section  briefly  discussed  the  power 
loss  experienced  by  a  signal  of  a  certain  frequency  as  it 
propagates  through  the  line.  From  Equation  3.50  this  power 
less  is  given  by 


or 


dB  Loss 


Loss 


From  earlier  chapters  of  this  thesis  it  was  demonstrated 
that  for  a  lossy  device  the  noise  figure  F  is  1/Loss.  Thus, 
the  ncise  figure  is  given  by 
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Bowever,  sinca  noise  figure  is  usually  specified  in  dE,  a 
transsissicr  line's  ncise  figure  is 


=  12.26^  _ 


Clearly,  a  transmission  line's  noise  figure  is  dependent  on 
toth  the  line's  ^  value  and  its  operating  frequency, 
lurthermcre ,  it  has  he  demonstrated  that  ^  is  a  function  of 
toth  a  line's  characteristic  parameters  and  its  length. 
Thus  it  can  be  determined  from  the  SNR  equation  {Equation 
2.74)  that  for  a  transmission  line 


SNR  =  = 


Power  input 


(16.9x10^^-  DkT  B 


It  can  therefore  be  concluded  that  as  frequency  or  the 
length  of  any  given  cable  increases,  system  perfcrmance  is 
degraded  by  virtue  of  the  decreasing  SNR. 


i 


17.  BAVEGOIDBS 


Althcugh  basic  physical  theory  of  waveguides  has 

teen  known  since  the  nineteenth  century,  waveguide  theory 

I  and  technology  were  not  developed  until  World  War  II  when 

the  design  of  microwave  radar  generated  the  need  for  prac¬ 
tical  high  frequency  transmission  systems  [Ref.  48].  It  was 
demonstrated  in  chapter  3  that  the  attenuation  constant  of  a 

*  transmission  line  is  proportional  to  the  square  root  of  the 
line  frequency  (Equation  3.50).  Thus  as  system  operating 
frequencies  increase  sc  too  do  the  line  losses.  The  devel¬ 
opment  of  the  waveguide  provides  a  viable  transmission 

*  channel  which  exhibits  lower  loss  at  the  higher  frequencies 
than  cable  systems.  As  the  demand  for  communication  chan¬ 
nels  increased,  the  ccmmunicaticns  industry  viewed  microwave 

.  transmission  as  a  profitable  alternative  to  increasing  the 

^  land  line  network  and  adopted  waveguide  technology  from  the 

original  radar  applications.  Today,  waveguides  have  beccme 
an  integral  part  of  the  world-wide  telecommunication  struc¬ 
ture.  They  have  provided  the  means  to  develop  vast  micro- 

*  wave  systems  and  the  ever-expanding  space  communications 
capabilites  which  significantly  contribute  to  the  lowering 
of  consumer  commercial  and  military  long  distance  communica- 

^  tion  ccsts.  Additicnally ,  through  microwave  and  satellite 

systems,  entire  naticns  typified  by  a  collection  of  isolated 
regions  such  as  Indonesia  are  able  to  install  affordable 
nation-wide  communication  networks. 

^  Like  artenna  and  transmission  line  systems,  waveguides 

represent  a  means  of  transmitting  electronic  signals  from 
cne  pcint  to  one  or  mere  other  points,  while  waveguides  are 
usually  treated  separately  from  transmission  lines,  they  are 
in  many  ways  identical.  Accompanying  any  voltage  and 
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curreut  in  a  line  are  electric  and  magnetic  fields.  The 
behavior  of  the  transmissicn  line  can  be  analyzed  in  terms 
cf  the  accompanying  electromagnetic  fields  between  and 
around  the  wires  instead  cf  in  terms  of  voltages  and 
current.  However,  the  voltage-current  analysis  is  carried 
cut  here  as  it  is  mere  understandable  than  the  field  anal¬ 
ysis.  A  strict  analysis  of  waveguides  can  only  be  carried 
cut  in  terms  of  the  electromagnetic  fields;  but  because  of 
the  vcltage-current  and  electromagnetic  field  relationships, 
analogies  tc  the  trarsmissicn  line  equations  can  be  used 
that  both  simplify  the  analysis  and  increase  the  under¬ 
standing  of  the  behavior  of  waveguides. 

Chapter  2  presented  an  analysis  of  antenna  systems  and 
demonstrated  that,  while  antennas  transmit  their  energy  in  a 
preferred  direction,  the  propagated  signal  is  (generally) 
net  cenfined  to  a  closed  path.  As  a  result,  the  signal 
propagates  as  an  ever-expanding  wave  such  that  the  signal 
field  density  decreases  at  a  distance  squared  rate. 
Waveguides,  which  are  nothing  more  than  hollow  metal  tubes, 
provide  a  closed  path  through  which  the  transmitted  signal 
propagates  as  a  non-expanding  plane  wavs.  Thus,  if  the 
waveguide  were  lossless,  rhe  field  density  of  the  plane  wave 
at  the  output  end  cf  the  waveguide  would  equal  the  field 
density  at  the  input  side  of  the  waveguide.  However,  wave¬ 
guides  are  rot  lossless  and  the  input  signal  energy  tends  to 
dissipate  along  the  walls  of  the  guide  (or  absorbed  by  other 
means)  as  the  plane  wave  propagates  through  the  guide. 
Because  analysis  of  a  waveguide  is  based  on  electromagnetic 
wave  propagation,  a  brief  discussion  of  wave  propagation  is 
required.  The  cross-sect icnai  shape  of  waveguides  can  be 
rectangular,  circular,  or  other  more  complex  designs. 
Since,  however,  the  rectangular  waveguide  is  by  far  the  one 
most  ccmmcnly  used,  further  discussions  will  be  limited  to 
this  shape.  [Ref.  49]* 
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HIVES  IH  GUIDES 


El€c-trcicagnetic  (EM)  fields  ars  characterized  fcy  a 
magnitude  and  direction  in  space  so  that  they  are  vecrcr 
quantities.  Furtherncre,  an  EM  field  is  a  combinaticr.  cf  an 
electric  field  and  a  lagnetic  field  such  that  each  poinr  in 
space  has  associated  with  it  an  electric  field  vector,  E, 
and  a  magetic  field  vector,  H.  when  EM  waves  propagate  in 
vacuuir  the  E  and  H  vectors  are  always  at  right  angles  tc 
each  ether  at  any  instant  in  time,  and  they  are  at  right 
angles  tc  the  direction  of  propagation  of  the  wave.  A  wave 
radiated  frem  a  poirt  source  (an  antenna)  produces  such  a 
wave  which  radiates  as  an  expanding  sphere.  In  a  waveguide, 
the  signal  energy  is  confined  to  the  space  within  the  guide 
walls  so  that  rather  than  propagate  as  an  expanding  spher¬ 
ical  wave,  the  signal  propagates  down  the  guide  as  a  plane 
wave.  The  fields  ir  a  waveguide  have  similar  general  prop¬ 
erties  as  fields  in  free  space,  but,  because  of  the  confine¬ 
ment  cf  the  fields  ky  the  waveguide  walls,  there  are  seme 
differences  [Ref.  50]. 

Cenfinement  of  the  EM  wave  prevents  spherical  spreading. 
In  free  space,  where  waves  spread  spherically,  the  E  and  H 
vectors  are  always  parallel  tc  the  direction  of  wave  propa- 
gaticn.  Within  waveguides  two  or  more  waves  are  reflected 
tack  and  forth  which  produces  a  propagating  wave  having 
compentents  of  either  E  field  or  H  field  vectors,  but  never 
both.  Maxwell's  equations  ars  the  basis  for  determining 
resultant  waves  propagated  in  the  waveguide  and,  because 
they  are  partial  differental  equations,  there  can  be  mere 
than  cne  sclution;  that  is,  more  than  one  configuration  of 
the  propagating  EM  fisld  is  possible.  These  configurations, 
called  medes,  may  exist  separately  or  several  may  exist 
simultaneously.  Ordinarily  it  is  desired  to  operate  the 
waveguide  with  only  cne  cf  the  possible  modes  of 
propagation.  [Ref.  51]. 
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The  nodes  of  propagation  that  a  waveguide  can  support 
are  divided  into  two  classes:  (1 ) transverse  electric 

(TS)  modes  and  (2)transvarse  magnetic  (TH)  modes.  In  the  TE 
modes,  the  E  field  is  everywhere  perpendicular  to  the  direc¬ 
tion  of  propagation.  This  means  there  is  no  E  field  compo¬ 
nent  parallel  to  the  guide  axis.  In  the  TH  mode  the  same  is 
true  for  the  H  field  component.  Each  mode  of  propagation  is 
designated  TE^n  where  m  and  n  are  integers  and  are 

called  mode  indices.  The  mode  indices  are  functions  of  the 
relationship  between  waveguide  dimensions  and  transmitted 
signal  wavelength.  Each  operating  mode  has  associated  with 
it  a  cutoff  freguency.  As  the  mode  index  (m,n)  increases  so 
too  does  the  cutoff  frequency.  For  example,  the  cutoff 

freguency  for  TE23  higher  than  the  cutoff  freguency  for 
TSjj.  For  various  engineering  reasons,  the  TE^o  mode  is  the 
preferred  mode  of  tie  rectangular  waveguide  and  yields  the 

lowest  cttcff  freguency  for  that  guide  design.  [Ref.  52]. 

« 

1  •  Cutoff  Freguency 

Figure  4.1  is  a  diagram  of  a  section  of  rectangular 
waveguide.  It  is  customary  to  denote  the  larger  of  the  two 


Figure  4.1  Rectangular  Waveguide. 
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dimecsicns  by  a,  and  the  soaller  by  b.  The  EM  field  ccnfig- 
uraticn  corresponding  to  a  particular  mode  that  can  propa¬ 
gate  in  the  waveguide  must  have  a  frequency  which  is  greater 
than  the  cutoff  frequency,  ,  for  that  particular  mods. 
The  cutcff  frequency  for  a  rectangular  guide  can  be 
expressed  mathematically  as  a  function  of  the  guide  dimen¬ 
sions  a  and'  b,  the  node  indices  m  and  n,  and  the  perme¬ 
ability  jj.  and  permittivity  e  of  the  medium  enclosed  by  the 
waveguide  walls.  In  terms  of  these  quantities,  the  cutcff 
frequency  is  given  by 


(eqr.  4.1) 


where  c  is  the  velocity  of  light  in  vacuum.  It  can  be 
shown  from  this  equation  that  as  the  values  of  the  mode 
indices  decrease  sc  too  does  the  cutcff  frequency. 
Conversely  as. the  size  of  the  guide  decreases,  the  cutcff 
frequency  fcr  any  given  mode  increases.  It  must  be  noted 
that  in  either  the  IE  or  TM  mode  for  any  waveguide  the 
indices  m  and  n  can  never  both  be  zero.  Then,  given  a  >  b 
it  beccmes  readily  apparent  that,  as  previously  stated,  the 
lowest  cutcff  frequency  fcr  the  rectangular  waveguide  is 
associated  with  the  lE^g  mode.  Figure  4.2  shows  the  rela¬ 
tionship  of  various  mode  cutoff  frequencies  for  two  values 
cf  the  ratic  a/b  [Ref.  53]* 

Example  4.1;  A  typical  air  filled  waveguide  (e  =  1 
and  M  =  1)  has  dimensions  a  =  8.6  centimeters  and  b  =  4.3 
centimeters.  The  TE^^  mode  cutoff  frequency  is 


1.744GHz  . 
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flgore  4.2  fielatire  cotoff  Frequencies. 

tihe  llgj  mode  cutoff  frequency  is  3.488  GHz,  which  is  twice 
the  TI^q  BCC6  cutoff, 

2i  i§2i  Velocity  ^r.3  Guide  Wavelength 

2n  free  space  or  any  nearly  lossless  propagation 
aediuB  whcse  dimensicns  ate  very  large  compared  to  the 
transffissicn  signal  wavelength,  the  wave  velocity  is  deter¬ 
mined  only  by  the  permeability  and  permittivity  of  the 
propagation  medium.  That  is,  for  a  vacuum  /x  and  e  are 
unity,  sc  that  wave  velocity  fcr  any  frequency  in  free  space 
is  c.  It  hcllow-pipe  waveguides,  however,  the  wave  velocity 
dees,  in  general,  vary  with  the  frequency,  even  with  an  air 
filled  ci  evacuated  guide.  Moreover,  it  becomes  necessary 
to  distinguish  between  two  ccncepts  of  velocity  -  the  phase 
velocity  and  the  group  velocity  of  waves.  [Bef.  54]. 

The  phase  velocity  Vp^,  is  ""the  velocity  with  which 
the  phase  cf  the  wave  advances  through  the  medium.  The 
group  velocity  V^^  is  the  veiccity  with  which  energy  (or 
eventually  information)  is  propagated  by  a  wave.  In  free 
space  and  on  lossless  transmission  lines  Vp^  and  Vg^  are 
equal  (ct  lew  frequency  lossy  transmission  lines  and 
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are  nearly  equal)  ;  therefore  the  distinction  between  then 
was  net  lade.  In  waveguides,  the  two  velocities  are  related 
to  each  ether  by  the  expression 

)(Vgr  )  =  cVCilie)  .  (eqn  4.2) 

Ihe  phase  velocity  in  waveguides  is  expressed  in  terns  of 
the  cutoff  frequency  f^.  and  the  operating  frequency  f  such 
that: 


M)h  = 


Ihus  frcB  Equation  4.2  and  4.3  the  following 


Vgp  is  ottained; 


'g  r 


(eqn  4.3) 

expression  for 

(eqn  4.4) 


Since  f  irust  always  he  equal  to  or  greater  than  f^  if  a  wave 
is  to  propagate,  it  is  evident  that  is  never  less  than 
c/y/fTe  and  Vg^  is  never  greater  than  c/VjU?  .  Therefore  it 
can  he  seen  tha  is  always  equal  to  or  greater  than  7g^  . 

It  can  then  be  shown  that  the  wavelength  Ig  of  a  given 
propaga-cing  frequency,  is  greater  than  the  wavelength  of 
the  same  frequency  picpagating  in  free  space.  Therefore  the 
guide  wavelength  is  determined  by 


X 


g 


VmT  Vt'-f/ 


(eqn  4.5) 


This  value  X^  is  used  for  all  dimensioning  and  measurement  in 
wavegeides  [Bef.  55]. 
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£.  eniOI  OPERATING  CEABACT ERISTICS 


The  transmission  line  equations  of  chapter  4  are  in 
terms  cf  currents,  vcltages,  and  impedances.  The  quantities 
in  waveguides  analoccus  tc  current  and  voltage  in  these 
equations  are  the  H  and  E  fields  respectively. 

I •  Ctaracterist  ic  Impe  dance 

Since  impedance  in  circuits  is  defined  as  the 
voltage  to  current  ratio,  it  follows  that  the  analcgcus 
quantity  in  waveguides  is  the  E/H  ratio.  In  fact,  this 
ratio  is  called  the  wave  impedance.  Furthermore,  just  as 
transmission  lines  have  a  characteristic  impedance,  wave¬ 
guides  have  a  characteristic  wave  inpedance.  As  can  be 

demorstrated  by  a  careful  analysis  of  waveguides,  the  char¬ 
acteristic  wave  impedance  fer  the  TE^  mode  is  given  by; 


where T  is  the  intrinsic  or  characteristic  impedance  of  the 
medium  enclosed  by  the  waveguide.  For  an  air  filled  or 
evac.uated  guide  t]  where  {Iq  is  the  permeability 

(1.  257x  1C -‘henries  per  meter)  and  is  the  permittivity 
(8.  854x10 2farads  per  meter)  of  vacuum.  Thus  fer  the  air 
filled  cr  evacuated  waveguide,  its  characteristic  wave  impe¬ 
dance  is 


^o(TE) 


120 


7 


T' 


if  ^/f) 


(egn  4.6) 


It  can  be  seen  that  at  frequencies  well  above  the  cuteff 
frequency  the  characteristic  wave  impedance  approaches  120 

[Ref.  56]. 
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2 .  Eiccaqation  Constant 

frco  transmission  line  analogies  it  should  beccine 
evident  that  waveguides  have  associated  with  them  a  propaga¬ 
tion  constant*  The  propagation  constant  of  a  waveguide  is 
given  by  the  same  general  equation  as  the  transmission  line 
propagation  constant,  namely: 


V  =  +  j  /3 


where  ^  is  related  to  attenuation  and  $  is  related  to  phase 
delay.  As  already  discussed,  two  velocity  factors  (Vp^  and 
Vgj.  )  are  associated  with  waveguides.  The  phase  velcci 
is  important  in  determining  waveguide  dimensions  as  previ¬ 
ously  pointed  out.  The  group  velocity  (Vg^  )  has  an  inter¬ 
esting  interpretation  as  the  velocity  of  energy  or 
inforiaticn  flow  in  the  waveguide  system  so  that  the 
velocity  of  concern  regarding  propagation  of  data  is  Vg^  and 
is  deteriined  from 

Vg^  ^/f)^  (eqn  4.7) 

for  an  air  filled  or  evacuated  guide  Vgr  =  ^/f)^  .  In 

conjuroticn  with  this,  the  phase  constant  /S  is  related  to  Vgr 
by  the  operating  frequency  of  the  guide  such  that 

/3  =  .  (eqn  4.8) 

For  air  tilled  and  evacuated  guides  the  phase  constant  is 
giver  as  =2jtc  Vf~a-f s.  [Ref.  57]. 
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Initial  assucptions  for  nareguide  analysis  include  a 
lossless  dielectric  ard  perfectly  conducting  walls.  Under 
these  conditions  an  expression  for  the  propagation  constant 
y  is  normally  derived.  Evaluating  "i  at  frequencies  telcw 
cutoff  yields  a  purely  real  number  which  represents  attenua¬ 
tion.  At  any  frequency  above  cutoff  Y  becomes  purely  imag¬ 
inary.  However,  since  no  guide  is  perfect,  losses  do  exist 
for  frequencies  above  cutoff.  Formulas  for  attenuation 
factors  for  waveguides  can  be  found  in  many  textbooks  and 
handbecks.  While  ^  *fi6{Y}  (recall  Y  is  extremely 

complicated  for  waveguide  applications,  the  attenuation 
constant  is  readily  workable.  For  the  dominant  TEjo  mode 
in  rectangular  guides  the  result  is 

2 

8.7R.  2bfp 

o  =  - ^  1  +  - S—  decibels  per  meter 

bTjK  af^ 

where  is  than  surface  resistance  or  the  waveguide  walls; 
R  -M’t'tn/Om  *  0  K  */r7f7/H”2  ,  and  and  are 

^he  values  of  permittivity  and  permeability  of  the  the  wave¬ 
guide  wall  materials  [Bef.  58}. 

Icr  an  air  filled  guide  the  attenuation  constant 
simplifies  to 

4.1x10"^  r  2bf/ 

=  - ===== -  1  +  - 2 

b  yi  -  (f^  /f  |_  af 


It  can  be  shown  that  at  the  cutoff  frequency  (f=  f^  )  the 
denominator  is  zero  so  that  attenuation  is  infinite. 
Cenversely,  as  f  - ->■  «  the  attenuation  constant  again 
becomes  «.  Therefcre,  there  is  an  optimum  frequency  which 
yields  the  smallest  loss.  Usually,  the  operating  frequency 


is  chccsen  such  that  it  is  b€t«eea  tha  TE^q  and  TEq^  cutoff 
points. 


C.  laVECOIEE  SUB 

Like  all  other  tiansoissicn  systems,  vaveguide  systems 
are  evaluated  in  terms  of  their  output  signal  tc  noise 
ratio.  The  overall  noise  figure  P  of  a  wave  guide  is  found 
in  the  same  aannar  as  is  dona  for  transmission  lines  and  is 
equal  to  the  inverse  of  the  system  loss.  Therefore  the 
noise  figure  of  a  waveguide  of  length  J2  and  an  attenuation 
constant  of  a  is 
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The  gereial  equation  for  a  system's  output  signal-tc-noise 
ratio  is  used  so  that  for  the  waveguide  just  described, 
SNa  =  1/[  (10  kTo  E].  It  can  then  be  seen  that  the 
quality  of  signal  tr atsmiss ion  within  a  waveguide  system  is 
a  furcticn  of  the  signal  frequency,  waveguide  dimensions, 
dielectric  characteristics  cf  both  waveguide  wall  materials 
and  the  enclosed  medium  material,  and  the  length  cf  the 
guide.  Ic  gain  more  favorable  SNB  values  over  a  given  guide 
distance  the  internal  walls  of  the  guide  can  be  coated  with 
a  material  having  a  low  surface  resistance  such  as  silver  or 
gold,  replacing  the  existing  dielectric  within  the  waveguide 
with  cna  having  a  lower  intrinsic  impedance,  or  both. 

An  alternate  solution  which  is  at  the  forefront  cf  tech¬ 
nology  is  tc  increase  the  carrier  frequency  to  the  visible 
light  region  of  the  electromagnetic  spectrum.  The  practical 
use  cf  this  technolcgy  is  increasing  at  a  rapid  rate. 
Therefore,  fibers  operating  in  the  visible  light  region  of 
the  EH  spectrum  are  considered  next. 
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S.  IBB  CPIICIL  FIBEB 

Optical  fibers  arc  dielectric  waveguide  structures  chat 
are  used  tc  confine  and  guide  electromagnetic  waves  whose 
frequencies  are  in  the  visible  light  spectrum.  Usually 
discussions  regarding  the  visible  light  spectrum  fccus  on 
light  wavelength  ratler  than  frequency.  For  visible  light 
the  wavelengths  are  between  0.5  and  1.5  microns  (  m)  .  An 
optical  fiber  consists  essentially  of  an  inner  dielectric 
laterial,  called  the  cere,  surrounded  by  another  dielectric 
with  a  smaller  refractive  index  and  is  referred  tc  as  the 
cladding.  All  optical  fibers  currently  in  use  have  a 
circular  crcss-secticnal  shape  and  are  either  glass  cr  fused 
silica.  Plastics  cculd  be  used  but,  in  general,  would  have 
luch  higher  losses  due  to  impurities  inherent  in  the 
material.  While  a  variety  cf  waveguide  configurations  can 
he  mar uf act cred ,  the  waveguide  configuration  depicted  in 
Figure  4,3  has  teen  the  one  adopted  as  the  most  practical, 
Ihe  fiber  cere,  having  a  refractive  index  ng ,  is  made  of  a 
material  which  exhibits  low  attenuation  in  the  visible  light 
spectrum.  A  claddinc,  which  has  a.  refractive  index  that 
is  less  than  that  of  the  core's  index,  surrounds  the  light 
transmitting  core  material  [Bef,  59], 


a)  Dimensions 


b)  Refractive  Index 


Figure  4.3  Ferf erred  FO  Configuration. 
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Figure  4.4  Light  Bay  Input  ingle. 

The  mcst  iaportant  parameters  for  specifying  optical 
fiber  lia^eguide  properties  are:  core  radius,  (a)  ,  the 
tumerical  aperture  (KA)  defined  as  NA  and  is 
related  to  the  maxiium  acceptable  off  axis  angle  for  rays 
entering  the  fiber  (see  Figure  4.4  )  ,  and  a  characteristic 
parameter  V  defined  as  V  =  {2  tr  a/x  )  \/ r^o~  where  1  is  the 
transBitted  light  wa^elenght  in  a  vacuum.  The  step  index 
structure  depicted  in  Figure  4.3  results  in  multiple  prepa- 
gaticn  medes  which  is  feund  tc  equal  V^/2  and  therefore  is 
propcrticnal  to  the  cere  radius  squared  and  the  numerical 
aperture  squared.  As  each  mode  travels  through  the  wave¬ 
guide  with  a  differert  internal  velocity,  a  high  number  of 
nodes  cacses  large  signal  distortion  and  therefore  limits 
usable  bandwidth.  Thus  in  the  context  of  telecommunication 
systeBS  applications,  the  step  index  fiber  is  of  limited 
practical  use.  However,  recent  manufacturing  techniques 
have  allcwed  the  refractive  index  of  the  fiber  core  material 
to  vary  from  the  center  of  the  core  to  the  cladding  boundary 
regict  ir  a  specified  fashion.  The  picroral  representation 
of  this  varying  index,  called  a  graded  index,  in  Figure  4.5 
illustrates  this.  The  physics  of  the  graded  index  fiber  are 
such  that  all  medes  have  nearly  the  same  group  velocity  so 
that  the  differential  mode  delay,  which  tend  to  decrease 
fiber  bandwidth,  is  thereby  greatly  reduced.  Thus  for 
lone-distance,  high  data  rate  applications,  the  graded  index 
optical  fiber  is  prelerrable.  [Be£.  60]. 
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Figure  4.5  Graded  Index  FO. 

lie  trarsmission  properties  which  are  of  chief  interest 
for  teleccmnunication  use  are  attenuation  and  dispersion  of 
the  irput  signal.  A  brief  discussion  of  these  factors  is 
now  presented. 

1 .  attenuation 

attenuation  in  optical  fiber  waveguides  has  histori¬ 
cally  teen  the  benchmark  of  performance.  The  power  losses 
in  fiber  optic  lines  are  caused  by  material  absorption  and 
scattering,  waveguide  scattering,  and  radiation  losses. 
Material  absorption  and  scattering  is  mainly  caused  by  ions 
within  rhe  glass  itself.  Waveguide  scattering  is  caused 
mainly  by  irregularities  at  the  core-cladding  interface. 
Quality  control  at  the  manufacturing  facilities  can  limit 
wavegcide  scattering  losses  to  less  than  1  dB/Km .  Radiation 
losses  are  caused  by  the  bending  of  a  fiber  in  a  small 
radius  of  curvature.  Radiation  losses  are  particularly  high 
when  cabling  is  installed  without  plastic  cushioning 
material  surrounding  it  [Bef.  61]. 

Ic  minimize  intrinsic  material  losses  the  fiber  is 
fabricated  in  a  manner  so  as  to  obtain  a  low  concentration 
cf  impurities  and  to  match  the  dielectric  properties  of  all 
compontents  within  the  glass  in  order  to  minimize  scattering 
from  ccmpcsitional  fluctuations  (Ref.  62]. 
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Hacro-bendinc  cf  optical  waveguides  causes  radiaticr. 
losses  which  become  increasingly  severe  with  decreasing  bend 
radius.  The  smallest  periissible  curvature  radius  is 
limited  by  the  actual  fiber  strength.  Different  fibers  and 
cables  have  different  strain-tc- failure  properties  depending 
upcn  ccnstr rction  methods  and  materials.  If  a  fiber  is  bent 
around  a  surface  of  radius  R,  known  as  the  band  radius,  the 
cuteucst  edge  cf  the  fiber  cladding  of  radius  r  will  be 
strained  relative  tc  the  fiber  axis  by  a  determinable 
percentage  Oj  ,  where  s=  [( “  ^]  ^  '^00%.  For  fibers 
and  cables  to  maintain  longevity,  the  maximum  differential 
bending  strain  (  o^)  should  ret  exceed  0.2%  [Ref.  63]. 

Eue  to  all  the  variables  it  is  impractical  to 
attempt  development  cf  a  generalized  power  loss  equation  for 
optical  fiber  waveguides.  However,  as  discussed  in  the 
epenirg  section  cf  this  chapter  for  the  generic  waveguide, 
signal  attenuation  in  the  guide  is  a  function  of  frequency. 
From  empirical  data  it  has  been  concluded  that  there  are  two 
attenuation  minima  fer  fiber  waveguides.  .  These  cccur 
between  C.8  and  0.9  microns  and  at  1.05  microns  which  are 
usually  referred  to  as  first  and  second  windows  respec¬ 
tively.  Currently,  attenuation  values  for  optical  fibers 
range  between  3  and  5  dB/Km  for  the  first  window  and  1  dB/Km 
for  the  second  [Bef,  64]. 

2-  Eulsg  Dispersion 

Eulse  dispersion  is  a  distortion  corresponding  tc  a 
band  limitation  cf  the  fiber  and  is  caused  by  modal  disper¬ 
sion  and  material  dispersion.  Modal  dispersion  is  due  to 
the  difference  cf  group  velocity  of  the  different  modes 
propagating  along  the  fiber  at  a  single  wavelength.  This 
effect  can  be  reduced  in  multimcde  fibers  through  a  graded 
refractive  index  of  the  core.  In  practical  low-loss  fibers 
normal  values  of  pulse  broadening  (  )  as  low  as  1  nanose¬ 
cond  per  kilometer  axe  specified  [Ref.  65]. 
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Kcterial  dispersion  is  associated  with  the  bandwidth 
of  the  optical  signaJing  source  and  is  caused  by  the  varia¬ 
tion  cf  the  refractive  index  wixh  the  optical  .  wayslsngxh. 
With  light  emixting  diode  (L2D)  sources  material  dispersion 
is  the  predominant  effect  with  pulse  broadening  values  in 
the  2-5  nsec/Km  range.  If  a  laser  source  is  used,  the  pulse 
broadening  values  can  be  substantially  lowered  [Ref.  66], 

Since  pulse  broadening  occurs  in  the  fiber  as  the 
light  signal  propagates  down  the  guide,  an  optical  fiber 
waveguide  bandwidth  is  limited  by  its  pulse  broadening 
value.  3he  fiber  system  which  has  an  LED  source  has  a  band¬ 
width  which  varies  between  10  and  100  MHz.  The  system  can 
be  improved  by  using  a  laser  source  which  increase  the  guide 
bandwidth  to  the  500  -  1000  MHz  range  [Ref.  67]. 
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V-  SOHHARY  AMD  COMCLOSIONS 


Ih€  central  theme  of  this  thesis  has  been  the  transmis¬ 
sion  of  information  in  the  form  of  alactrical  energy.  Tha 
varices  ferms  cf  energy  transmission  have  been  grouped 
according  to  the  nuirter  of  conductors  involved  and  include 
antennas,  waveguides,  and  transmission  lines.  Among  the 
tasks  of  the  telecomirunication  systems  manager  is  to  chocse 
the  type  of  transmission  channel  which  will  best  satisfy 
user/system  constraints  and  requirements.  The  mode  chosen 
for  ary  cne  particular  application  depends  on  a  number  of 
factors,  such  as;  (1)  life  cycle  cost;  (2)  frequency  band 
and  itfcrmation-car tying  capacity;  (3)  selectivity  or 
privacy  offered;  (4)  reliability  and  ncise  characteristics; 
and  (5)  pewer  level  and  efficiency.  Each  of  the  transmis¬ 
sion  channels  has  only  some  of  the  desirable  features; 
consequently,  the  selection  of  the  channel  best  suited  for  a 
specific  application  is  a  matter  of  managerial  as  well  as 
engineering  judgement.  The  underlying  principles  which 
deceririne  the  general  characteristics  cf  each  transmission 
channel  have  been  presented.  It  is  these  principles  which 
managers  mest  understand  to  insure  their  decisions  dc  not 
adversely  impact  the  user’s  mission  and  the  system's 
interded  capabilities. 

In  order  to  emphasize  why  it  is  necessary  to  understand 
the  characteristics  cf  the  communication  channel,  consider 
the  problem  of  transmitting  an  ultra-high  frequency  (UHF) 
inf 0 r la tier,  signal  at  lOOOMHz  between  two  points  30  miles 
apart.  Without  knowledge  of  the  various  channel  character¬ 
istics,  cne  could  erroneously  choose  to  use  either  the  wave¬ 
guide  or  transmission  line  as  an  efficient  means  of 
transmitting  the  signal.  However,  for  this  particular  case. 
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the  arterna  will  be  s\:c6rior  to  either  the  transmission  line 
or  the  waveguide.  If  the  received  signal  power  in  each  case 
were  chosen  as  the  system's  figure  of  merit,  then  fcr 
compariscn  it  would  ts  found  that  for  reasonably  typical 
installaticns,  the  transmitted  power  required  to  produce  1 
nanowatt  at  the  receiver's  input  would  be  on  the  order  cf ; 

1.  Transmission  lines:  lO®**  watts  (5540dE  loss). 

2.  Baveguices:  10  watts  (270dB  loss). 

3.  Antennas:  50  milliwatts  (77dB  loss)  . 

These  figures  were  derived  from  an  assumed  transmission  line 
loss  of  3.5d3/100  ft  (RG- 19A/0  cable  loss  obtained  from 
Figure  5.1),  an  assumed  waveguide  loss  of  0.17dB/100  ft 
(rectangular  guide  less  obtained  from  Figure  5.2),  and 
transmitting  and  receiving  antennas  with  an  effective  area 
cf  2  square  meters  (effective  antenna  gain  was  obtained  from 
Equation  2.23  and  found  to  be  24.5dB  each)  .  Th-us  the  mest 
power  efficient  system  over  this  30  mile  distance  is  the  cne 
using  antennas,  i. e,  the  free  space  channel. 

These  results  can  be  quickly  obtained  from  the  princi¬ 
ples  presented  in  Chapters  2,  3,  and  4.  For  example,  giver, 
the  effective  area  cf  antennas.  Equation  2.23  is  used  to 
derive  the  antenna. gain 

.  An 

gain  =  Area  x  — - 

where  Ar6a=2m2  and  X-c/^OOOMhr.  Than  the  antenna  gain  is 
280  cr  equivalently  24.5dB.  Given  a  distance  of  30miles, 
the  propagation  path  loss  can  be  determined  (Equation  2.35) 
so  that 


(Lp)^g  =  -36.6  -  201og30  -  20logl000  =  -126  dB. 
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Thus  ths  antenna  gain  and  propagarion  path  less  figurss  can 
now  fc€  applied  to  the  power  budget  equation  (Equation  2-34) 
to  derive  the  required  transmitted  power  (assuming  all  ether 
losses  are  minimal)  .  If  received  power  is  1  nanewatt 
(-90dEil)  ,  then 

-90dBW  =  +  2(24. 5dB)  -  126dB 


so  that 


=  -13dBW  or  50  milliwatts. 

amp 


It  shculd  be  noted  that  a  reduction  in  power  from  -ISdEW  to 
•90dEH  represents  an  overall  system  loss  of  77dB.  Now 

concentratirg  on  the  efficiency  of  the  transmission  line, 
«  • 
cne  can  cbtain  a  cable's  attenuation  loss  factor  from  stan¬ 
dard  curves  or  tables  such  as  Figure  5.1  extracted  from 
Armed  Services  Electro  Standards  Agency  Publication  ASESA 
49-2E.  For  a  best  case  analysis,  assume  the  low-loss  cable 
FG-19A/U  is  used;  then  from  Figure  5.1  it  can  be  seen  that 
at  lOCOMHz,  the  cable  exhibits  a  3.5dB  loss  per  lOOfeet. 
Thus  the  total  loss  ever  the  SOmile  transmission  distance  is 
£544dE.  This  translates  tc  a  power  loss  of  10"®**.  Then 
applying  this  to  Equation  3.2,  the  transmitter  power 
required  tc  yield  a  received  signal  power  of  10  "’watts  is 
lOs^sjatts.  To  analyze  a  microwave  system  one  can  assume 
the  TE  jg  mode  is  used  so  that  the  appropriate  attenuation 
factor  can  be  determined.  Figure  5.2  is  abstracted  from 
Elahe's  study  on  standard  waveguides  [Ref.  68]  and  presents 
a  few  representative  examples  of  characteristics  of  low-loss 
rectangular  waveguides  currently  used  in  communication 
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figure  5.1  Cable  Ittenaation  Carves. 


Frequency 
Range,  MHz 

Inside 

Dimensions, 

inches 

CW  Power  Rating 
at  Midband,  kw 

Attenuation 
at  Midband, 
dB/100  ft 

9^0-1450 

7.7  X  3.9 

20,000 

0.17 

2600-3950 

2.8  X  1.3 

2700 

0.7 

8200-12,400 

0.9  X  0.4 

250 

4 

26,500-40,000 

0.28  X  0.14 

25 

18 

figure  5.2  Waveguide  Attenuation  Figures^ 

systems.  At  an  operating  frequency  of  1000MHz  the  attenua¬ 
tion  factor  obtainec  from  the  listing  in  Figure  5.2  is 
C.17dE  per  lOOfeet  sc  that  over  a  distance  of  SOmiles,  the 
Icw-lcss  waveguide  yields  a  tctal  system  loss  of  270dB  or 
10-2V.  same  equation  used  in  the  transmission  line 
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analysis 
3.2)  is 
required 
zeceiier 


which  relates  input  power  to  output  power  (Equation 
used  to  determine  the  amount  of  transmitter  power 
to  produce  a  1  nanowatt  input  signal  to  the 
.  Then 


out 


=  P. 

1  n 


cr 


lO'^watts  =  P.  xlO"^ 

1  n 

so  that  the  transiitter  power  requirement  would  be 
101 «watts. 

It  should  now  be  apparent  that  by  drawing  upon  the  prin¬ 
ciples  of  ccmmuaicaticn  signal  traasmissionr  the  manager  of 
telecommunication  systems  can  guicicly  conduct  a  fairly 
representative  power  analysis  of  the  three  kinds  of  communi¬ 
cation  channels.  However,  in  addition  to  power  constraints, 
other  factors  must  be  considered. 

from  the  standpoint  of  selecrivity  and  privacy,  the 
antenna  affords  no  general  protection  from  intrusion, 
jamming,  and  interference  (unless  costly  modifications  are 
made,  i.e.  spread  spectrum  transmission)  so  that  in  a 
hostile  electronic  countermeasures  (SCM)  environment  the 
antenna  system  could  prove  unreliable.  The  primary  advan¬ 
tage  of  antenna  systems  is  their  suitability  for  installa¬ 
tion  ontcard  highly  mobile  platforms  such  as  ships, 
aircraft,  and  land  vehicles.  Additionally,  the  antenna  is 
the  only  link  to  spaceborne  vehicles.  A  second  and  often 
equally  important  advantage  of  antenna  systems  is  their 
relatively  inexpensive  installation  costs. 


166 


It  has  teen  demcnstrat ed  in  the  previous  chapters  tha* 
the  attenuation  characteristics  of  transmission  lines  and 
waveguides  exhibit  an  exponential  relationship  to  distance 
while  antenna  fields  are  inversely  related  to  the  square  of 
the  distance.  Therefore,  what  may  hold  true  for  one 
distance  may  not  hold  true  for  a  different  distance  with 
regard  to  the  most  power  efficient  transmission  channel. 
Consider  the  fcregcing  example  where  the  transmission 
distance  is  now  5  miles.  It  should  now  be  understood  that 
for  the  antenna  system  the  only. change  to  the  power  budget 
equation  will  be  a  decrease  in  the  propagation  path  loss  and 
therefore  a  correspcnding  decrease  in  the  required  trans¬ 
mitted  pcwer.  Since  the  prcpagation  path  is  new  Smiles 
(vice  SOailes)  the  propagation  path  loss  is 

(L  ) ..  =  -36.6  -  20log5  -  20logl000  =  -110. 5dB. 


This  is  a  reduction  cf  15. 5dB  so  that  the  required  trans- 
nitter  pcwer  is  reduced  by  15.5dB  to  -28.5dBW  which  is 
1.4milliwatts.  The  total  waveguide  loss  over  Smiles  reduces 
to  45dE  (0.  17dB  per  ICO  feat  times  Smiles)  .  Then  the  trans¬ 
mitter  power  requirement  is  found  from 


or 


10*  ^watts 


-  4.5 

P.  xlO  . 
1  n 
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Therefore  the  transaltter  poesr  required  for  a  waveguide 
systei  tc  produce  a  1  nano  watt  signal  at  the  receiver  site 
Smiles  from  the  transmitter  is  10"^*^  watts.  Finally,  the 
transnissicn  line  less  over  the  same  Smile  transmission 
distance  is  found  by  multiplying  the  attenuation  loss  factor 
(3.5dE  per  100  feet)  by  the  distance  (Smiles)  and  is  -920dB. 
Then  frcir  Eom=P^nL  fer  =10  watts  and  L=-920dB  cr  lO-’z, 
the  input  power  required  for  a  Smile  transmission  line 
system  is  10*3watts.  To  summarize,  for  a  received  signal 
power  cf  Inanowatt  at  the  end  of  a  Smile  transmission  path, 
the  required  transmitted  power  for  the  three  kinds  cf  cemmu- 
ricaticn  channels  would  be: 

1.  Transmission  lines:  10«3  watts  (920dB  loss). 

2.  Waveguides:  dOmicrewatts  (4SdB  loss). 

3.  Antennas:  1.4milliwatts  (SI.SdB  loss). 

Dnder  these  circumstances  the  waveguide  is  clearly  the  most 
efficient  transmissicr.  channel  to  choose.  In  addition  to 
power  efficiency,  the  waveguide  has  the  added  benefit  cf 
signal  security  and  greater  immunity  to  outside  interfarecce 
than  free  space  systems.  However,  right-of-way  ccsts  and 
(in  some  cases)  inaccessible  terrain  limit  the  use  of 
waveguides. 

Eeference  69  presents  a  similar  investigation  of  the 
relationship  between  the  transmission  distance  and  trans¬ 
mitter  pewer  output  requirements  for  a  given  received  power 
level.  Additionally,  a  cemparison  of  the  results  cbtained 
for  each  cf  the  three  kinds  of  transmission  channels  is 
graphically  illustrated  (see  Figure  1.3).  It  should  be 
noted  that  the  actual  values  of  the  respective  curves  depend 
on  the  physical  characteristics  of  each  type  of  line,  guide, 
or  antenna  at  a  giver,  frequency.  The  dashed  section  cf  the 
antenna  curve  indicates  approximate  iine-of-sight  distances 
for  the  ccnventional  microwave  relay  systems  normally 
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liguxe  5.3  CoaparatiY€  Cbamiel  ittenaation  Carves. 

installed.  As  dencnstrated  in  the  graph,  at  shorter 
distances  the  waveguide  is  the  most  efficient  channel  while 
the  artenna  performs  best  at  the  longer  distances.  ’  It 
appears  that  the  transmissicn  line  is  generally  inferior  to 
the  waveguide  when  ccirparing  their  respective  power  losses; 
however,  the  transmission  line  will  propagate  signals  having 
frequencies  as  low  as  zero  while  the  waveguide  and  the 
antenra  have  practical  lower  limits.  For  waveguides  this 
practical  lower  frequency  liaix  is  near  30CMHz. 
Iheoret ically,  the  waveguide  and  antenna  cculd  be  designed 
and  built  tc  operate  at  the  Icwer  frequencies,  but,  their 
physical  sizes  wculd  be  all  but  impractical.  For  example, 
at  a  frequency  of  300aHz  a  waveguide  would  be  about  the  size 
cf  a  roadway  drainage  culvert.  The  practical  low-frequency 
limit  fcr  an  antenna  is  cn  the  order  of  lOOKHz,  although  the 
Interraticnal  OHEGA  long-range  navigation  system  and  the 
O.S.  Navy's  7LF  system  operate  in  the  10-13KHz  range.  In 
general,  antennas  at  these  frequencies  are  usually  consid¬ 
ered  impractical.  Fcr  example  a  dipole  or  half-wave  antenna 
constructed  to  operate  at  30KHz  would  be  approximately  3 
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niles  high.  The  trarsnissicn  line,  on  the  other  hand,  is 
extreiely  practical  at  these  lower  frequencies.  It  has  the 
advantages  cf  a  waveguide  with  respect  to  signal  privacy  and 
immurity  tc  outside  rcise  and  interference.  Additionally, 
the  transoission  line  is  rugged,  flexible,  and  inexpensive 
to  naintein.  For  short  distances  such  as  a  defensive  posi¬ 
tion  in  a  battlefield  area,  the  transmission  line  system 
could  he  quickly  set  up  and,  unlike  high  gain  antennas, 
requires  no  time  consuming  alignment.  However  transmission 
line  systems  are  rarely  used  in  the  tactical  land 
environment . 

The  major  emphasis  of  this  thesis  has  been  to  focus  on 
the  quantitative  aspects  of  communication  transmission  chan¬ 
nels  (anc  associated  subsystems)  and  has  provided  the  means 
by  which  these  channels  can  be  analyzed.  Too  often,  the 
communication  system  is  viewed  as  a  transmitter  and  receiver 
pair  with  little  emphasis  on  the  transmission  channel.  It 
has  been  demonstrated  that  the  communication  channel  intro¬ 
duces  distcrtion,  tcth  attenuation  and  tims/phase  shifts 
cntc  the  information  signal.  tfith  the  rising  demand  for 
systems  capable  of  higher  information  transmission  rates, 
the  ccmmunication  channel  can  (and  often  does)  become  the 
limiting  factor  influencing  overall  system  performance. 
Iherefcre,  from  a  managerial  perspective,  it  is  important 
that  considerations  regarding  the  channel  be  squally 
weighted  with  considerations  regarding  the  transmitter  and 
receiver  segments  of  a  communication  system.  The  purpose  of 
this  thesis  has  teen  to  present  the  engineering  fundamentals 
cf  the  communication  transmission  channel  such  that  the 
impact  cf  managerial  decisicns  regarding  communications 
planning  and  communication  systems  planning  become 
understandable. 
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Naval  ccmaiunica  ticns  depend  largely  on  free  space  prcpa- 
gaticn  channels  for  information  transmission.  As  mors  and 

-  sore  ccmffunica ticn  systems  are  fitted  on  naval  ships  and 

I 

aircraft,  the  phenciena  cf  radio  frequency  interference 
(SFI)  and  electrcmagretic  interference  (EMI)  become  signifi¬ 
cant.  A  greater  understanding  of  the  system  SNH  change 
I  caused'  by  an  increased  number  cf  active  transmitters  will 

provide  the  communications  manager  with  the  tools  needed  to 
understand  and  perhaps  solve  cr  at  least  reduce  the  RFI  and 
EMI  effects. 

r  Another  issue  which  needs  addressing  is  the  Navy's  heavy 

li 

reliance  cn  satellite  communications.  The  fact  that  present 
communication  satellites  are  vulnerable  to  attack  by  hostile 
forces  which  can  negate  the  overhead  channel  has  been  highly 
0  publicized.  Therefcre,  the  only  present  alternative  for 

ship-tc-shcre  communications  is  the  HP  net. 

Successful  HF  coffniunications  is  highly  dependent  on  the 
compcsiticn  of  the  ionosphere  where-  usable  propagation 
I  frequencies  vary  seasonally  as  well  as  diurnally. 

Furthetacre,  should  a  high  altitude  nuclear  detonation 
cccur,  the  resulting  electrcmagnetic  pulse  (EMP)  would 
disrupt  the  ionosphere  to  such  an  extent  that  much  of  the 
I  radio  frequency  spectrum  wculd  be  unusable  for  periods  of 

time.  Ihe  EMP  would  affect  an  area  whose  size  would  depend 
on  factors  which  are  beyond  the  control  of  the  communication 
systei  user.  The  prcblem  for  the  communications  manager  is 
•  to  understand  potential  disruptions  caused  by  EMP,  and  to 

select  alternate  strategies  to  be  used  when  effects  due  to 
EMP  and  ether  interference  cccur. 

It  should  be  noted  that  nc  communication  transmission 
»  channel  is  purely  a  transmitter-to-antenna  cr  antenna-to- 

receiver  connection.  The  two  are  connected  by  either  trans¬ 
mission  lines,  waveguides,  or  both.  The  impact  of 
environmental  cenditions  on  these  elements  must  alsc  be 
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considered,  especially  in  an  £MF  environment.  Bow  dees  an 
IMP  affect  the  SNR  of  a  waveguide  or  transmission  line?  The 
optical  fiber,  once  considered  immune  to  EM?,  is  presently 
I  under  examination  tc  determine  the  extent  of  its  IMP 

reactions. 

Is  ccnclusicn,  the  telecommunication  systems  manager 
must  consider  the  objectives  cf  the  user.  His  decisiens 
I  lust  te  cost  effective  and  produce  reliable  and  maintainable 

communications.  The  ultimate  decision  must  be  the  minimum 
accecptahle  performance  level  of  the  system,  and  this  can  be 
based  (tut  not  necessarily)  on  the  sysrem's  SNR.  The  trans- 
'  mission  channel  is  an  integral  part  of  any  communication 

system.  The  SMB  of  the  system  can  be  significantly  influ¬ 
enced  by  the  transmission  channel  which,  regardless  cf  tech¬ 
nology,  attenuates  and  delays  all  signals.  By  understanding 

I 

the  transmission  charnel,  which  is  the  critical  part  of  the 
communication  system  (especially  in  a  jamming  environment), 
the  communications  manager  will  more  effectively  devise  a 
^  robust  system  with  appropriate  signal  routing  schemes  and  a 

system  restcraticn  plan  based  on  priorities  and  prctcccls. 
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A£|ODIX  A 

PASIIAL  DlfFEBBHTIATION 


Ihere  are  many  instances  where  a  quantity  w  is  deter¬ 
mined  by  a  number  of  ether  quantities.  For  example,  the 
volume  V  of  a  right  circular  cone  of  radius  r  and  height  h 
is  given  ty 


V^rrrah. 

The  values  cf  r  and  h  can  be  assigned  independently  of  each 
ether  and  cnca  specific  values  have  been  assigned  a  cerre- 
sponding  value  of  V  is  determined.  Thus  V  is  a  function  of 
r  and  h.  In  general,  if  w  is  uniquely  determined  when  the 
values  of  two  indeperdent  variables  x  and  y  are  given,  it  is 
said  that  w  is  a  function  of  x  and  y  and  is  written  as: 


w=f  (x,y)  . 


It  should  he  clear  that  as  long  as  the  value  w  is  not 
constant  for  all  (x,y)  pairs,  then  as  rhe  value  for  either  x 
or  y  changes  so  too  dees  the  value  of  w.  Thus  the  change  in 
w  is  related  to  both  x  and  y  such  than  the  change  in  w 
(dencted  dw)  is  the  change  in  the  function  value  with 
respect  to  the  chance  in  x  and  the  change  in  y.  This  is 
written  as: 


dw= 
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where  ^  is  the  notation  for  the  partial  derivative  cf  the 
function.  Iwo  of  the  more  important  rules  of  partial  deriv¬ 
atives  are  that  in  general 


and 


3  x2y  3y3x 


2 

where  ^  w  indicates  tie  second  derivative  cf  the  function  w. 
[Bef.  70]* 

For  exaiple,  if 


y 


then 

lx  ^  ^'^(2x)y 


and 


o  w  1  2 

=  -rr  JTX  . 

dy  3 


Also 


( 2)y 
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